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ABSTRACT 

In  order  to  provide  verification  that  the  proposed  design  of  an 
amphibious  hydrofoil  lighter  will  meet  its  hydrodynamic  performance 
specifications,  a series  of  tests  were  carried  out  using  scaled  models 
of  the  vehicle  and  its  components.  It  was  shown  that  the  proposed  simple 
control  system  is  effective  in  providing  control  in  head  and  following 
seas.  Tandem  hydrofoil  tests  were  carried  out  to  verify  design  lift 
characteristics  and,  in  particular,  the  choice  of  foil  spacing  was  shown 
to  yield  optimum  lift-drag  characteristics  at  take-off.  The  model  was 
operated  in  the  foil  borne  mode  with  light  ship  and  design  load  conditions, 
in  calm  water,  head  seas  and  following  seas,  using  the  proposed  automatic 
height  control.  Directional  stability  and  turning  characteristics  were 
analyzed.  Roll  motions  at  zero  speed  in  beam  seas  were  found  acceptable. 
The  behavior  of  the  model  was  observed  while  transiting  a seven  foot 
periodic  surf  zone  in  light  ship  and  design  load  conditions  at  5 and  11 
knots.  It  was  found  that  entering  and  exiting  at  5 knots  present  no 
problems.  Entering  the  surf  zone  at  11  knots  will  cause  some  water  to  be 
taken  over  the  bow. 

Recommendations  for  further  studies  are  given  in  order  to  assure 
that  the  proposed  design  modifications  will  yield  a final  design  which 
meets  required  specifications. 

KEYWORDS 
Hydrofoi 1 Craft 
Amphibious  Craft 
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SUMMARY 

Overall  Characteristics 

A series  of  model  tests  was  carried  out  to  verify  that  the  amphibious 
hydrofoil  lighter  described  in  Reference  1 will  meet  its  hydrodynamic  per- 
formance specifications.  The  model  closely  represented  the  prototype 
vehicle  in  geometric,  dynamic  and  hydrodynamic  characteristics,  consisting 
of  a planing  hull,  fixed  submerged  hydrofoils  with  flaps,  a foi Iborne  height 
control  system,  rudder  and  wheels  for  land  operation.  The  vehicle  also  con- 
tains a waterborne  propulsion  system;  however,  only  the  skegs  and  ventila- 
tion plates  were  included  in  the  towed  model.  The  principal  characteristics 
of  the  proposed  design  are  as  follows: 


Length 

79' 

Hydrofoi 1 Span 

34' 

'-6" 

Hul 1 Beam 

30' 

Hydrofoi 1 Chord 

6' 

Beam  at  Wheels 

441-211 

Hydrofoi 1 Spac i ng 

45' 

Draft  (stationary) 

8'-5" 

Flap  Span 

34 

'-6“ 

Gross  Weight 

413,000  lb 

Flap  Chord 

1 ' 

'-6" 

Payload 

120,000  lb 

Draft  (Foi Iborne) 

4' 

Installed  HP 

7200 

Take-Off  Speed 

17  knots 

Maximum  Speed  Fully 

Loaded  35  knots 

Height  Control 

System 

Based  on  the  results  of  the  model  test  program,  the  recommended  foii- 
borne  height  control  system  consists  of  manual  control  of  the  aft  flap 
position  together  with  manual  and  automatic  control  of  the  port  and  star- 
board forward  flaps.  A simple  automatic  control  system  is  recommended  for 
each  of  the  forward  flaps  consisting  of  a height  sensor,  hydraulic  actuator, 
flap  and  a manual  input.  The  proposed  height  sensors  consist  of  a vertically 
hinged  twisted  flap  supported  by  a strut  located  between  the  main  strut  and 
wheel  on  each  side  of  the  hull  at  the  forward  foil  location.  The  twisted 
vertical  flap  should  extend  from  the  hull  baseline  to  the  hydrofoil  and  its 
operation  is  described  as  follows.  Since  this  flap  is  free  to  rotate  about 
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its  vertical  hinge,  it  will  continually  seek  an  angle  such  that  the  hydro- 
dynamic  moment  about  the  hinge  is  zero.  Due  to  a constant  twist  per  unit 
length,  the  zero-moment  angular  position  will  ideally  be  proportional  to 
the  submerged  span-length  of  the  twisted  flap  since  then  the  side  forces  on 
the  upper  and  lower  halves  of  the  submerged  portion  will  cancel  and  the  re- 
sultant hinge  moment  will  be  zero.  Tests  of  the  height  sensor  output 
showed  that  this  ideal  principle  of  operation  closely  represents  the  actual 
operation.  Over  the  range  of  practical  flying  heights  for  the  proposed  ve- 
hicle, the  height  sensor  output  will  be  proportional  to  height  and  will  be 
independent  of  speed.  Additional  manual  control  inputs  forward  and  manual 
adjustment  of  the  aft  flap  angle  are  needed  to  adjust  fore  and  aft  hydrofoil 
lift  for  varying  load  conditions  or  to  adjust  flying  height  and  trim. 

The  hydraulic  actuators  in  the  forward  automatic  control  system  pro- 
vide the  necessary  power  to  move  the  forward  hydrofoil  flaps  in  response  to 
deviations  in  flying  height  as  sensed  by  the  forward  height  sensors.  The 
model  actuators  and  control  system  were  designed  and  built  so  that  the  rate 
of  change  of  flap  angle  with  height  (gain)  could  be  adjusted.  As  a result 
of  these  model  tests  it  is  recommended  that  a constant  value  of  gain  can  be 
used  in  the  prototype  for  all  load  conditions  and  foi Iborne  speeds.  It  is 
recommended  that  additional  analyses  be  carried  out  to  finalize  the  detailed 
specifications  of  this  simple  automatic  height  control  system.  These  ad- 
ditional studies  should  include  analyses  of  foilborne  roll  motions  as  well 
as  pitch  and  heave  motions  in  calm  water  and  irregular  seas. 

Rudder 

Directional  stability  (ability  to  maintain  heading  without  control) 
and  minimum  turning  circle  radii  were  estimated  for  the  amphibious  hydro- 
foil lighter  in  the  displacement  mode  as  well  as  for  foilborne  operation. 

The  displacement  mode  analyses  were  based  on  model  tests  with  wheels  down 
while  the  foilborne  analyses  were  based  on  available  empirical  relations. 

The  results  of  these  analyses  show  that  the  proposed  vehicle  is  di- 
rectionally stable  in  both  the  displacement  and  flying  mode.  Adequate 
turning  circle  characteristics  can  be  obtained  by  using  either  (a)  fore  and 
aft  centerline  rudders  extending  from  hull  to  hydrofoils  with  constant  chord 
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lengths  of  6 feet,  or  (b)  steerable  flaps  on  the  aft  main  struts  (or  on 
all  four  struts).  Turning  circle  characteristics  with  the  proposed  single 
tapered  centerline  rudder  were  not  acceptable. 

Propu 1 s ion 

Model  resistance  measurements  were  obtained  for  the  displacement 
mode  with  wheels  down,  for  the  foilborne  mode  in  calm  water  and  for  the 
foilborne  mode  in  head  and  following  irregular  seas.  The  results  were  used 
to  estimate  prototype  drag  for  similar  operating  conditions.  In  the  dis- 
placement mode  with  wheels  down  and  fully  loaded,  the  installed  horsepower 
should  give  a maximum  speed  in  excess  of  11  knots  in  calm  water. 

The  increase  in  mean  drag  in  Sea  State  2,  head  seas  over  that  in 
calm  water  for  foilborne  operation,  is  dependent  upon  the  mean  heave  and 
trim  of  the  craft.  By  making  minor  changes  in  mean  heave  and  trim  (by 
means  of  manual  changes  in  fore  and  aft  flap  position),  the  speed  loss  in 
head  seas  can  be  made  less  than  7 percent  as  desired.  At  constant  mean  heave 
and  trim  the  speed  loss  at  constant  power  will  be  10  percent  or  less,  depend- 
ing on  mean  flying  conditions. 

In  the  foilborne  mode,  hydrofoil  suction  creates  a significant  depres- 
sion of  the  water  surface  above  the  foils  which  will  be  accentuated  at  the 
aft  foil  due  to  fluid  acceleration  by  the  propellers.  Further  study  of  this 
problem  is  recommended  in  order  to  insure  no  loss  of  power  resulting  from 
propeller  ventialtion  or  emersion. 


Wave-Induced  Motions 

Heave  accelerations  at  the  bow  and  center  of  gravity,  heave  displace- 
ment at  the  center  of  gravity,  pitch  angle  and  drag  were  measured  for  the 
model  while  foilborne  in  head  and  following  irregular  seas  representing  Sea 
State  2,  for  the  light  ship  and  fully-loaded  conditions.  These  measurements 
were  carried  out  for  a range  of  control  gains  and  mean  flap  positions.  As 
mentioned  previously,  it  was  demonstrated  that  one  control  system  gain  can 
be  used  for  all  load  conditions  and  foilborne  speeds,  in  calm  water  or  in 
head  or  following  Sea  State  2.  For  the  light  condition  in  head  seas  at 
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30  knots,  the  RMS  prototype  motion  levels  are  expected  to  be  within  the 
ranges  given  in  the  following  table,  depending  somewhat  on  mean  heave  and 
trim: 

MOTION  RMS  LEVEL 


pi  tch 

Heave  at  CG 
Bow  Accel . 
CG  Accel . 


0.4  to  0,8  degrees 
0.4  to  1.1  feet 
0.2  to  0.3  g' s 
0.1  to  0.2  g's 


Bow-up  trim  or  a lower  flying  height  tend  to  increase  all  RMS  motion  levels. 


Surf  Tests 

Surf  transit  tests  were  carried  out  entering  the  water  and  exiting 
with  the  light  ship  and  design  load  condition,  where  the  wave  period  corre- 
ponded  to  1.2  sec  full  scale  and  the  breaker  height  corresponded  to  7 feet. 
The  beach  slope  was  1:6.  Based  on  these  tests  it  is  concluded  that  exiting 
or  entering  the  surf  zone  at  speeds  up  to  5 knots  presents  no  difficulties 
for  the  fully  loaded  or  light  ship  conditions.  At  higher  speeds  the  ve- 
hicle will  begin  to  take  some  green  water  over  the  bow  particularly  in  the 
fully  loaded  condition,  when  entering  the  water. 
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INTRODUCTION 

A feasibility  analysis  of  an  amphibious  lighter  capable  of  carrying 
a 60-short-ton  payload  from  sh i p-to-shore  and  onto  a beach  at  a speed  of 
35  knots  in  calm  water  was  carried  out  in  Reference  1,"  A wheeled  vehicle 
with  fixed  submerged  hydrofoils  was  selected  in  comparison  with  several 
other  candidate  concepts,  and  a preliminary  design  analysis  was  carried 
out.  It  was  estimated  that  the  amphibious  hydrofoil  lighter  could  carry 
the  60-ton  payload  at  the  required  speed  and  could  maintain  32.5  knots  in 
Sea  State  2 using  a simple  automatic  height  control  in  the  foi’borne  mode. 

The  purpose  of  this  study  is  to  further  verify  that  this  design  concept  does 
meet  the  hydrodynamic  performance  specifications.  A series  of  six  test 
phases  were  carried  out  for  this  purpose  using  a scaled  model  of  the  proposed 
vehicle.  The  model  and  the  results  are  described  and  discussed  in  this  report. 
Also,  a l6mm  silent  color  movie  has  been  prepared  showing  the  model  operating 
in  Sea  State  2 in  the  foilborne  mode  and  showing  the  model  transiting  a surf 
zone  in  the  hullborne  mode. 

The  automatic  height  control  system  for  the  proposed  vehicle  includes 
some  mod i f icat ions  of  the  existing  passive  control  system  which  has  operated 
successfully  and  reliably  on  three  smaller  submerged  hydrofoil  craft.  The 
modifications  are  the  use  of  a hydraulic  actuator  for  the  main  flaps  and  a 
twisted  surface-piercing  flap  as  height  sensor.  The  first  test  phase  of  the 
experimental  program  gave  data  to  characterize  the  angular  output  of  the  new 
height  sensor,  in  relation  to  the  submerged  span  length  of  the  height  sensor. 

In  the  proposed  vehicle,  the  spacing  between  the  fore  and  aft  hydro- 
foils was  carefully  selected  to  take  full  advantage  of  the  wavemaking  inter- 
ference between  the  fore  and  aft  foils  at  take-off  speed.  The  lift  on  the 
forward  hydrofoil  creates  a free-surface  wave  which,  with  proper  spacing, 
develops  an  upwash  at  the  aft  foil  which  improves  its  lift-drag  ratio.  The 
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second  test  phase  was  carried  out  to  determine  the  lift-drag  characteris- 
tics of  the  aft  foil  in  the  tandem  hydrofoil  configuration  over  a range  of 
speed,  trim  angle  and  hydrofoil  spacing.  At  the  same  time,  the  lift  char- 
acteristics for  both  of  the  model  hydrofoils  were  established  for  flap  angle 
as  well  as  for  trim. 

In  the  third  test  phase  of  this  experimental  program,  a dynamically 
scaled  model  was  tested  in  the  foilborne  mode  in  calm  water  as  well  as  in 
head  and  following  seas  representing  Sea  State  2,  for  the  light  ship  and  the 
design  load  conditions,  in  order  to  demonstrate  the  effectiveness  of  the 
height  control  system.  A range  of  control  gains  was  tested  and  it  was  shown 
that  the  vehicle  can  operate  successfully  with  no  automatic  control  of  the 
aft  flaps. 

A series  of  captive  model  tests  were  carried  out  to  provide  hydro- 
dynamic  force  characterization  in  the  hullborne  mode  so  that  directional 
stability  and  turning  characteristics  could  be  analyzed.  Using  these  re- 
sults, it  is  shown  that  the  proposed  vehicle  is  directionally  stable  at 
hullborne  speeds  and  the  minimum  turning  circle  diameter  for  various  speeds 
was  analyzed.  For  the  case  of  foilborne  operation,  the  same  results  were 
predicted  using  semi-empi rical  lift  character i st i cs  for  the  strut  side  force 
rates.  In  each  of  these  analyses,  both  the  light  ship  and  the  design  load 
conditions  are  considered.  It  was  found  that  acceptable  turning  performance 
can  be  obtained  by  using  flaps  on  the  main  struts  for  steering.  A single 
aft  rudder  is  not  adequate  but  forward  and  aft  rudders  may  be  an  acceptable 
alternative  where  each  rudder  extends  from  hull  to  foils,  with  6 foot  chord 
1 ength . 


In  order  to  demonstrate  the  amphibious  performance  of  the  proposed 
vehicle,  a series  of  tests  were  carried  out  in  regular  waves  with  the  model 
entering  and  exiting  a simulated  seven-foot  surf  zone.  Both  the  light  ship 
and  the  design  load  condition  were  tested.  No  difficulty  is  anticipated  for 
either  load  condition  in  exiting  at  11  knots,  nor  in  entering  at  the  same 
speed  for  the  light  ship  condition.  At  11  knots  the  design  load  condition 
will  take  some  water  over  the  bow  which  should  present  no  problem  for  the 
proposed  vehicle  and  at  five  knots,  no  water  is  shipped  over  the  bow. 
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beam  seas  at  zero  forward  speed.  In  irregular  seas  representing  Sea  States 
2,  3 and  4,  the  statistics  of  the  roll  and  heave  motions  were  obtained.  The 
results  show  that  the  vehicle  can  survive  these  sea  conditions  in  the  wal- 
lowing condition. 

Conclusions  of  this  study  are  summarized  in  the  final  section  of  this 
report,  which  show  that  the  proposed  vehicle  meets  the  desired  hydrodynamic 
specifications  using  a simple  straightforward  design  which  should  yield  a 
reliable  vehicle.  Recommendations  for  some  further  study  are  discussed, 
which  will  further  enhance  or  insure  the  vehicle's  performance. 

This  study  was  carried  out  for  the  U.S.  Army  Mobility  Equipment  Re- 
search and  Development  Center,  Fort  Belvoir,  Virginia,  administered  by  the 
Office  of  Naval  Research,  Dept,  of  the  Navy,  Arlington,  Virginia  under  Con- 
tract No.  N00014-75-C-0384.  Mr.  Frank  Stora  of  Fort  Belvoir  observed  some 
of  the  tests  and  provided  helpful  suggestions  throughout  this  study. 

The  author  is  indebted  to  Mr.  John  K.  Roper,  originator  of  the  design 
concept,  for  his  helpful  suggestions  in  carrying  out  the  test  programs  and 
for  his  contributions  to  understanding  and  interpreting  the  data. 
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EXPERIMENTAL  MODELS  AND  APPARATUS 


All  tests  were  carried  out  using  a 1/13-scale  model  of  the  proposed 
vehicle  and  its  appendages.  The  overall  characteristics  of  the  model  and 
prototype  are  listed  in  Table  I and  shown  schematically  in  Figure  1.  The 
equipment  and  apparatus  used  in  each  of  the  six  test  phases  are  described 
in  this  section. 


Control  Flap  Tests 


The  proposed  sensor  for  the  automatic  height  control  system  in  the 
foilborne  mode  is  a twisted,  free-swinging,  surface-piercing  flap  supported 
by  a fixed  strut  as  shown  in  Figure  2.  The  twisted  flap  has  a helicoidal 
surface  with  pitch  equal  to  I8.I46  deg/ft  (20  deg/in  model  scale).  The  pur- 
pose of  this  test  phase  was  to  determine  the  relationship  between  angular 
position  of  the  control  flap  and  submergence,  and  to  observe  any  speed  de- 
pendence. Accordingly,  measurements  of  control  flap  position  were  made 
over  a range  of  submergences  and  speed  in  Davidson  Laboratory  Tank  No.l. 
During  these  tests  the  fixed  strut  shown  in  Figure  2 was  mounted  below  a 
flat  plate  inclined  at  18.2  degrees  to  simulate  the  deadrise  portion  of  the 


bottom  of  the  hull  where  the  sensor  is  mounted.  The  results  of  these  tests 


are  shown  in  Figure  3 and  Table  2. 


Tandem  Foi 1 Tests 


In  order  to  characterize  the  model  foil  system  and  particularly  to 
define  the  changes  in  aft  foil  loading  due  to  the  wake  of  the  forward  foil, 
a series  of  tandem  foil  tests  were  carried  out  in  calm  water  using  a 1/13- 
scale  model  of  the  proposed  hydrofoils.  The  tandem  foil  setup  is  shown  in 
Figure  4.  The  fore  and  aft  foils  have  the  same  geometry  which  is  described 
in  Figure  5 and  Table  1.  The  cross-sectional  shapes  of  the  model  struts  and 
foils  were  simplified  for  ease  of  manufacture  to  straight  sections  over  the 
middle  half-chord  length  with  rounded  leading  edge  and  wedge  shaped  trailing 
edge . 
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The  fore  and  aft  foils  and  struts  were  mounted  on  an  H-beam  such 
that  their  longitudinal  position  could  be  adjusted.  The  trim  angle  of  the 
H-beam  also  was  easily  adjusted,  and  the  four  flap  angles  could  be  set  at 
desired  angles.  The  aft  struts  and  foils  were  mounted  on  a lift-drag  bal- 
ance and  the  pivot  of  the  H-beam  was  attached  to  a second  lift-drag  balance 
which  measured  forces  on  fore  and  aft  foils  together.  The  vertical  posi- 
tion of  all  this  apparatus  could  be  adjusted  to  the  desired  foil  submergences. 

This  apparatus  was  mounted  on  a carriage  in  DL  Tank  No. 3 and  towed  over 
a range  of  speed,  submergence,  trim,  spacing  and  flap  angles.  The  four  bal- 
ance outputs  were  recorded  and  analyzed  on  a tank-side  digital  computer.  The 
detailed  results  of  these  tests  are  described  and  listed  in  Appendix  A. 

Foilborne  Wave  Tests 

A scaled  model  of  the  hull  was  constructed  of  wood  and  the  struts  and 
foils  were  mounted  as  well  as  skegs,  propeller  ventilation  plates  and  wheels 
which  could  be  mounted  in  the  down  or  retracted  position,  as  illustrated  in 
Figure  1.  A picture  of  the  model  in  the  foilborne  mode  is  shown  in  Figure 
6.  Four  height  sensors  of  the  type  described  above  were  mounted,  as  shown 
in  Figure  I.  A bracket  for  the  pitch  gimbal  was  mounted  in  the  hull  such 
that  the  pitch  pivot  could  be  moved  to  any  of  the  CG  positions  listed  in 
Table  1.  This  apparatus  was  attached  to  a f ree-to-heave  apparatus  as  seen 
in  Figure  6.  Yaw,  sway  and  roll  motions  were  rigidly  restrained  and  the  model 
was  towed  at  constant  forward  speed.  Various  ballast  weights  were  added  to 
the  model  in  order  to  obtain  the  inertial  properties  listed  in  Table  1.  The 
pitch  gimbal  and  heave  masts  were  instrumented  so  that  pitch  and  heave  motions 
could  be  monitored.  One  accelerometer  was  mounted  in  the  model  to  measure  bow 
acceleration  in  heave  and  another  was  mounted  on  the  heave  mast  to  sense 
vertical  acceleration  at  the  CG. 

All  four  flaps  were  automatically  controlled  with  identical  control 
systems  illustrated  in  Figure  7*  As  the  angular  position  of  a control  flap 
changes  due  to  changes  in  submergence,  the  corresponding  height  signal  from 
the  angular  transducer  changes  proportionately.  This  signal  is  amplified  by 
the  gain  factor  which  could  be  adjusted  independently  for  each  of  the  four 
flap  controls.  The  resulting  error  signal  drove  the  flap  servo-motor  to 
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change  the  main  flap  angle  in  response  to  the  height  error  signal.  There 
were  basically  two  adjustments  that  could  be  made  in  each  of  the  four  flap 
control  systems,  viz.,  (1)  the  relative  position  of  the  control  and  main 
flap,  which  adjusts  the  height  for  zero  error  signal,  and  (2)  the  rate  of 
change  of  main  flap  position  per  unit  deflection  of  the  control  flap  or 
gain. 

This  automatically  controlled  model  and  apparatus  were  towed  from  a 
carriage  in  DL  Tank  No. 3 as  shown  in  Figure  6.  Tests  were  made  in  calm 
water  as  well  as  in  irregular  head  and  following  seas  corresponding  to  Sea 
State  2.  Control  system  parameters  were  first  adjusted  in  calm  water,  then 
run  in  irregular  head  seas.  Then  several  control  system  configurations, 
which  were  found  acceptable  for  calm  water  and  head  seas,  were  tested  in 
following  seas.  This  procedure  was  carried  out  for  the  light  ship  weight 
and  for  the  design  load,  with  wheels  up.  Several  runs  from  this  test  phase 
are  included  in  the  movie. 

Stability  and  Turning  Tests 

With  the  model  in  the  displacement  mode  with  wheels  down,  measure- 
ments of  the  drag,  side  force,  roll  moment  and  yaw  moment  were  made  over  a 
range  of  speed,  roll  angle,  yaw  angle,  rudder  angle  and  turning  rate.  These 
tests  were  carried  out  in  DL  Tank  No. 2 on  the  rotating  arm  for  the  light 
ship  condition  and  the  design  load  condition,  with  the  model  free  in  trim 
and  heave  which  were  also  observed.  The  forward  flaps  were  locKed  full 
down  since  the  height  control  will  call  for  full,  flaps  when  operating  in  the 
displacement  mode,  and  the  aft  flaps  were  set  at  six  degrees  down  for  all  of 
these  tests,  since  this  flap  angle  was  found  suitable  in  the  foilborne  tests 
The  tests  were  carried  out  to  provide  the  hydrodynamic  force  representation 
required  to  predict  straight  course  directional  stability  and  steady  turning 
equilibrium  condition:,  such  as  minimum  turning  diameter.  The  results  of 
these  tests  and  the  details  of  the  stability  and  turning  analyses  are  given 
in  Appendix  B. 


Surf  Trans i t Tests 

Successful  operation  of  the  proposed  vehicle  requires  successful 
passage  through  a surf  zone  between  open  sea  conditions  and  the  beach.  In 
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order  to  demonstrate  the  capability  of  the  proposed  vehicle  in  negotiating 
this  phase  of  its  operation,  the  model  was  towed  in  DL  Tank  No. 3,  entering 
into  and  exiting  from  a regular  wave.  One  wave  period  was  used  in  all 
tests,  which  corresponded  to  7.2-sec  full  scale.  This  period  falls  in  the 
middle-to-short-per iod  range  of  observed  surf  periods  reported  in  Reference 
2. 


The  existing  beach  for  absorbing  waves  in  DL  Tank  No. 3 was  used  for 
this  phase  of  the  test  program.  The  slope  of  this  beach  is  i ;6,  which  is 
relatively  steep  but  not  outside  of  representative  beach  slopes.  The  re- 
sulting surf  zone  width  was  about  3/^  of  the  vehicle  length  and  the  breaker 
height  was  about  seven  feet. 


The  model  was  towed  at  constant  speed  through  the  surf  zone,  with 
freedom  to  pitch  and  heave.  The  light  ship  and  design  load  conditions  .^ere 
tested  with  wheels  down.  The  forward  flaps  were  locked  full  down  and  the 
aft  flaps  were  fixed  at  six  degrees  down  for  all  tests. 


Several  runs  from  this  test  phase  are  included  in  the  movie. 


Beam  Sea  Tests 


Although  Sea  State  2 is  the  design  wave  condition,  the  proposed  ve- 
hicle must  be  capable  of  surviving  in  seas  of  greater  severity.  It  is 
anticipated  that  beam  seas  at  zero  forward  speed  of  the  vehicle  is  a nearly 
worst  condition.  Consequently,  roll  and  heave  motions  were  measured  for 
this  condition  in  irregular  seas  representing  Sea  States  2,  3 and  k.  The 
apparatus  is  shown  in  Figure  8.  The  tests  were  carried  out  in  DL  Tank  No. 3 
for  the  design  load  and  the  light  ship  conditions  with  wheels  down.  The  re- 
sults of  these  tests  are  tabulated  and  described  in  Appendix  C.  Several  runs 
from  this  test  phase  are  included  in  the  movie. 
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ANALYSIS  AND  DISCUSSION 

The  results  of  the  six  test  phases  were  analyzed  to  verify  the  esti- 
mated hydrodynamic  performance  of  the  proposed  amphibious  hydrofoil  lighter 
design  described  in  Reference  1.  The  analysis  procedures  are  described  in 
this  section  and  the  results  are  discussed  in  general  terms.  Specific  de- 
tails of  results  and  analyses  are  given  in  the  Appendices, 

Control  Flap  Tests 

The  measured  control  flap  deflection  is  shown  in  Figure  3 and  Table  2, 
for  a range  of  speed  and  submergence.  The  speed  range  covers  that  for  foil- 
borne  operation  of  the  proposed  vehicle  while  the  submergence  varies  from 
very  small  flap  submergence  to  fully  submerged. 

From  symmetry,  in  the  absence  of  f ree-surface,  ventilation  and  sepa- 
ration effects,  the  expected  angular  position  would  be  one-half  times  the 
pitch  of  the  helicoidal  surface  times  the  submergence,  as  shown  by  the 
dashed  line  in  Figure  3.  It  is  seen  that  in  the  middle  range  of  submergences, 
the  expected  ideal  control  flap  position  is  reasonably  close  to  the  ideal  ex- 
pected value  but  at  small  submergence  and  at  large  submergence,  the  measured 
position  deviates  from  ideal.  The  observed  behavior  can  be  explained  by  (1) 
spray  forces  at  small  submergence  acting  on  the  lower  helicoidal  face  to  push 
the  control  flap  to  larger  angles  than  ideal,  and  by  (2)  flow  separation  at 
the  lower  end  of  the  strut  perhaps  at  the  flap  hinge,  tending  to  draw  the 
control  flap  to  smaller  angles  than  that  ideally  expected.  Some  speed  de- 
pendence is  observed  at  extreme  submergences. 

From  these  results  it  is  concluded  that:  (1)  the  ideal  rate  of  change 

of  control  flap  angle  with  submergence  (one-half  times  pitch)  gives  a good 
estimate  of  the  observed  rate  for  the  middle  range  of  submergences,  (2)  con- 
trol flap  angle  at  constant  submergence  has  little  speed  dependence  in  the 
middle  range  of  submergences,  and  (3)  at  extreme  submergences,  control  flap 
position  varies  with  speed  and  deviates  significantly  from  the  ideal  ex- 
pected value.  Accordingly,  it  is  concluded  that  the  proposed  twisted  flap 
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height  sensor  gives  a reliable  output  if  it  is  made  long  enough  so  that 
spurious  behavior  at  extreme  submergences  occurs  when  the  main  flap  is 
at  or  near  its  limit  stops.  A longer  flap  with  less  pitch  should  decrease 
the  submergence  ranges  where  spurious  behavior  was  observed  while  at  the 
same  time  expanding  the  middle  submergence  range  where  near  ideal  output  was 
observed.  Further  testing  of  this  device  might  better  be  done  in  the 
Davidson  Laboratory  Water  Channel  where  atmospheric  pressure  can  be 
modeled  thereby  more  closely  approximating  full-scale  ventilation  effects, 
and  where  flow  conditions  can  be  observed  more  readily. 

Tandem  Foi 1 Tes ts 


The  results  and  analysis  of  the  tandem  foil  tests  are  presented  and 
described  in  Appendix  A.  It  was  found  that  both  forward  and  aft  foils  of 
the  model  exhibited  evidence  of  stall  or  loss  of  lift  due  to  boundary 
layer  separation.  This  phenomenon  is  expected  to  occur  in  the  prototype 
at  substantially  higher  values  of  lift  coefficient  than  for  the  model  due 
to  the  larger  value  of  Reynolds  number.  The  results  presented  in  Refer- 
ence 3 indicate  that  the  prototype  hydrofoils  should  achieve  a maximum 
lift  coefficient  between  1.1  and  1.2  while  the  observed  maximum  lift  co- 
efficient for  the  model  appears  to  be  between  0.6  and  0.8  in  Figures  A-1 
through  A-8.  The  various  other  characteristics  of  the  model  lift  and 
drag  are  compared  with  expected  values  from  References  3,  4 and  5,  and  it 
is  concluded  that  these  references  provide  reliable  results  for  the  pre- 
diction of  prototype  lift  and  drag,  combined  with  observed  Froude  number 
dependent  terms  from  this  study.  The  recommended  prediction  procedure  is 
summarized  in  Appendix  A. 

The  forward  foil  lift  is  composed  of  lift  due  to  camber,  trim,  flap 
angle  and  Froude  number  effects  or  wave-making.  Lift  due  to  camber  is 
represented  by  a zero  lift  angle  of  attack  which  can  be  obtained  from 
Reference  6.  Lift  due  to  trim  and  flap  angle  are  determined  from  the  re- 
sults of  Reference  3 for  infinite  fluid  together  with  the  results  of 
Reference  4 for  free-surface  effects  at  high  Froude  number.  The  effect  of 
finite  Froude  number  was  estimated  from  the  present  results  together  with 
the  results  of  Reference  7.  Lift  due  to  camber,  trim,  flap  angle  and 
wave-making  is  expected  to  be  the  same  on  forward  and  aft  hydrofoils. 
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However,  the  aft  foil  will  also  feel  the  wake  effect  from  the  forward  foil, 
which  has  been  divided  into  high  F roude  number  and  wave-induced  components 
in  the  expression  for  aft  foil  lift  coefficient.  The  empirical  coefficients 
in  these  two  contributions  to  aft  foil  lift  were  evaluated  from  the  present 
resul ts . 


One  of  the  primary  purposes  stated  for  these  tests  was  to  substantiate 
the  advantageous  choice  of  foil  spacing  at  take-off  speed  where  the  wave- 
induced  upwash  at  the  aft  foil  due  to  forward  foil  lift  should  yield  the 
maximum  lift-drag  ratio  for  the  aft  foil.  It  is  seen  in  Figure  A-9  that  the 
design  take-off  condition  is  very  close  to  the  estimated  spacing  for  maximum 
upwash  and  in  Figure  A-I5  it  is  very  close  to  the  estimated  spacing  for  maxi- 
mum aft  foil  lift.  At  the  same  time.  Figure  A-l6  shows  nearly  constant  drag 
for  various  spacings  so  that  the  desired  maximum  value  for  the  aft  foil  lift- 
drag  ratio  has  been  achieved. 

The  recommended  procedure  for  predicting  hydrofoil  drag  of  the  pro- 
posed vehicle  as  described  in  Appendix  A is  composed  of  profile  drag  based 
on  Reference  3 plus  various  induced  drag  components.  Induced  drag  due  to 
lift  from  camber  and  trim,  and  flap  angle,  is  based  on  Reference  5.  while 
that  due  to  Froude  number  dependent  lift  is  estimated  from  the  present  re- 
sults. On  the  aft  foil,  induced  drag  due  to  lift  from  forward  foil  downwash 
is  also  assumed  to  be  given  by  the  results  of  Reference  5 since  the  mechanism 
producing  an  induced  velocity  should  not  effect  the  rate  at  which  drag  is  de- 
veloped. 


Foi Iborne  Wave  Tests 


The  1/13-scale  model  of  the  proposed  amphibious  hydrofoil  lighter 
which  is  described  in  the  previous  section  was  towed  at  constant  speed  while 
free  to  move  in  pitch  and  heave  and  with  the  automatic  height  control  system. 
Vehicle  response  characteristics  were  observed  over  a range  of  speeds  and 
control  system  parameters,  in  calm  water  and  in  head  and  following  seas  repre- 
senting Sea  State  2.  Both  load  conditions  described  in  Table  1 were  tested. 

A detailed  description  and  tabulation  of  the  test  results  are  given  in 
Appendix  B.  Several  runs  from  these  tests  have  been  included  in  the  movie 
demonstrating  the  model  of  the  proposed  vehicle. 
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The  results  of  these  tests  show  that  the  proposed  vehicle  can  operate 
acceptably  in  calm  water  and  in  head  or  following  waves  using  the  proposed 
simple  automatic  height  control  on  the  forward  flaps.  To  achieve  accept- 
able operating  qualities  over  a range  of  load  and  speed,  adjustment  of 
(1)  the  forward  flap  null  positions,  and  (2)  fixed  aft  flap  angle,  should 
be  available  to  the  pilot.  It  would  appear  at  this  time  that  one  fixed 
value  of  control  system  gain  for  the  forward  flaps  may  be  acceptable  for 
all  operating  conditions. 

In  addition  to  the  foilborne  tests,  a series  of  runs  were  made  at  low 
speed  in  calm  water  with  the  light  ship  condition  in  order  to  study  take- 
off characteristics.  Based  on  these  tests,  it  is  concluded  that  with  the 
forward  flaps  in  the  full-down  position  in  the  hullborne  mode,  with  the  aft 
flaps  adjusted  by  the  pilot  and  with  the  resulting  bow-up  trim,  a take-off 
speed  of  17  knots  is  well  within  the  capabilities  of  the  proposed  design. 

Many  of  the  runs  in  calm  water  exhibited  a long-period  lightly-damped 
oscillation  in  pitch  and  heave  which  is  similar  to  the  phugoid  oscillation 
of  aircraft.  Even  though  this  oscillation  is  usually  stable,  the  long- 
period  can  lead  to  sufficiently  large  transient  motions  so  that  the  hull 
re-enters  the  water  after  take-off.  In  waves,  t^ere  is  some  evidence  that 
this  oscillation  can  also  be  excited  by  wave  impacts  on  the  bow.  These  test 
results  indicate  that  the  damping  of  the  phugoid  oscillation  can  be  increased 
by  decreasing  the  forward  control  gain,  or  by  increasing  the  mean  trim. 
Lightly-damped  short-period  oscillations  in  pitch  and  heave  were  also  observed 
and  eliminated  by  adjusting  control  settings.  Finally,  the  forward  control 
gain  will  have  a significant  effect  on  roll  motions  of  the  craft,  which  were 
not  investigated.  Based  on  these  observations  of  response  characteristics 
of  the  model,  it  is  concluded  that  (1)  automatic  height  control  aft  is  not 
required  for  calm  water  operation  or  in  waves,  (2)  acceptable  pitch-heave 
dynamics  and  equilibrium  conditions  can  be  achieved  through  appropriate  selec- 
tion of  control  gain  for  the  forward  flaps  and  the  above-mentioned  pilot  ad- 
justments, and  (3)  a d<  namic  analysis  of  the  prototype  in  the  flying  condition 
should  be  carried  out  to  estimate  the  required  forward  control  gain. 

Measurements  of  wave-induced  motions  and  accelerations  for  fully- 
loaded  and  light  ship  conditions  in  the  foilborne  mode  in  head  and  following 
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seas  representing  Sea  State  2 are  described  in  Appendix  C.  The  RMS  proto- 
type motions  depend  on  mean  heave  and  trim  and  are  expected  to  be  in  the 
ranges  shown  in  the  following  table: 


MOTION 


RMS  LEVEL 


P i tch 
Heave 

Bow  Accel  . 
CG  Accel . 


0.4  to  0.8  deg 
0.4  to  1.1  ft 
0.2  to  0.3  g 
0.1  to  0 . 2 g 


Based  on  the  observed  increase  in  mean  drag  between  calm  water  and  head 
seas  in  Sea  State  2 with  the  light  ship  condition,  it  is  estimated  that  the 
speed  loss  at  constant  power  will  be  10  percent  or  less,  depending  on  mean 
heave  and  trim.  By  adjusting  mean  heave  and  trim  in  waves,  the  speed  loss 
can  be  reduced  to  values  below  7 percent. 

During  this  test  phase,  it  was  observed  that  a significant  depression 
is  created  above  each  hydrofoil  due  to  suction  pressures  on  the  upper  sur- 
face of  the  foils.  This  depression  will  be  augmented  by  propeller  induced 
acceleration  of  the  fluid  above  the  aft  foil  of  the  full-scale  vehicle.  It 
would  therefore  seem  desirable  to  fly  with  bow-up  trim  in  order  to  increase 
water  depth  over  the  aft  foil  in  order  to  minimize  the  chances  of  propeller 
ventilation  or  emersion. 

Stability  and  Turning  Tests 

Measurements  of  hydrodynamic  forces  acting  on  the  model  described  pre- 
viously were  analyzed  as  described  in  Appendix  C.  Using  empirical  relations 
based  on  these  measurements,  the  directional  stability,  turning  equilibrium 
conditions  and  the  dynamic  stability  of  these  turning  equilibrium  conditions 
were  predicted  for  the  model  with  a single  aft  rudder  as  shown  in  Figure  9a. 
Test  speeds  corresponded  to  the  full-scale  range  of  3 to  11  knots. 

The  model  was  found  to  be  statically  unstable  in  yaw  angle  about  the 
center  of  gravity,  as  are  many  marine  vehicles.  However,  the  yaw  rate 
damping  moment  is  stabilizing  and  large  so  that  the  vehicle  is  directionally 
stable  on  straight  course.  In  analyzing  directional  stability,  the  theoretical 
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results  of  Reference  9 were  used  for  added  mass  of  the  hull.  The  turning 
radius  with  the  original  rudder  design  is  unacceptably  large  which  also 
results  from  the  large  stabilizing  yaw  rate  damping  moment.  Further  analy- 
sis shows  that  there  should  be  no  difficulty  in  obtaining  acceptable  turn- 
ing qualities  with  either  one  of  two  practical  design  modifications,  namely, 
(1)  installation  of  an  additional  bow  rudder,  or  (2)  use  of  flaps  on  the 
four  main  struts  for  steering  instead  of  rudders.  Also,  if  rudders  are 
used,  its  side  area  should  be  changed  such  that  the  rudder  extends  from  hull 
to  foils  as  shown  in  Figure  9b,  in  order  to  obtain  the  optimum  rudder  side 
force  rate.  Use  of  an  additional  bow  rudder  appears  to  be  the  simpler  de- 
sign modification.  However,  steering  with  strut  flaps  is  not  overly  compli- 
cated, requires  smaller  steering  power,  is  less  susceptible  to  damage  and 
will  give  somewhat  better  turning  qualities.  The  proposed  rudder  geometry 
for  fore  and  aft  rudders  is  shown  in  Figure  9b  while  the  proposed  strut 
flap  rudders  are  shown  in  Figure  9c. 


Calculations  carried  out  in  Appendix  C verified  that  the  predicted 
turning  diameter,  using  the  proposed  rudder  design,  by  means  of  a simpli- 
fied model  of  the  turning  conditions,  are  in  substantial  agreement  with 
estimates  based  on  the  more  accurate  model  obtained  from  data  analysis. 

Using  empirical  results  of  Reference  10  for  representing  side  forces  on 
struts,  the  directional  stability  and  turning  radius  for  the  foilborne  mode 
were  analyzed.  Using  strut-flap  rudders,  a large  range  of  stable  flying 
conditions  is  obtained  for  t'^th  the  light  ship  and  the  design  load  condition. 
The  turning  circle  diameter  is  estimated  to  be  2.6  vehicle  lengths  for  a 
light  ship,  or  3.0  lengths  for  the  design  load  condition,  where  a flying 
condition  of  one  degree  trim  and  3.9~ft  zero-trim  foil  submergence  was  as- 
sumed for  both  load  conditions. 


All  of  the  turning  calculations  are  based  on  simplifying  assumptions. 
Roll  angle  has  been  neglected  in  all  estimater.  Forces  on  the  hull  and 
skegs  were  neglected  in  the  simplified  model  used  to  analyze  strut-flap 
rudders  in  both  the  displacement  mode  and  foilborne  mode.  However,  roll 
angles  in  turns  should  be  very  small  because  of  the  large  roll  stiffness 
provided  by  the  hull  in  the  displacement  mode,  and  by  the  height  control  in 
the  foilborne  mode.  Estimates  based  on  the  simplified  model  were  in  sub- 
stantial agreement  with  corresponding  estimates  based  on  the  model  obtained 
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from  the  data  analysis  so  that  the  neglect  of  hull  and  skeg  forces  is 
valid.  Consequently,  it  is  felt  that  the  trends  in  turning  characteristics 
predicted  here  are  reliable  and,  further,  that  the  magnitude  of  predicted 
turning  qualities  is  representative  of  those  to  be  expected  on  the  proto- 
type. 

Prototype  drag  estimates  described  in  Appendix  C indicate  that  the 
prototype  is  capable  of  making  more  than  11  knots  when  fully  loaded  with 
wheels  down  in  calm  water. 


Surf  T rans i t Tests 

The  results  of  the  surf  transit  tests  are  descriptive  and  are  best 
illustrated  by  viewing  the  movie.  Runs  were  made  entering  the  water  and 
exiting  with  the  light  ship  and  design  load  conditions. 

No  problems  were  encountered  in  the  exiting  phase.  Runs  were  made 
with  various  wave  phases  at  the  time  of  first  beach  impact  and  all  exiting 
conditions  progressed  smoothly  with  no  water  being  shipped.  Ail  runs  with 
the  light  ship  condition  were  made  at  a speed  of  11  knots  (full-scale  speed) 
while  for  the  design  load  condition  speeds  of  5,  11  and  16  knots  were  run. 

Entering  the  surf-zone  from  the  beach  gave  no  difficulty  at  5 knots. 

At  high  speeds,  some  difficulty  was  observed.  However,  it  should  be  kept 
in  mind  that  (1)  the  model  was  entirely  open  while  the  vehicle  will  have  a 
watertight  weather  deck  so  that  water  over  the  bow  presents  no  great  prob- 
lem, and  (2)  the  beach  used  in  the  model  studies  had  a severe  slope  (1:6) 
which  dictates  a large  bow-down  attitude  as  the  vehicle  enters  the  first 
wave  crest.  Thus,  the  model  operation  represents  at  least  a worst  case  for 
investigating  prototype  surf  operation.  Since  the  model  negotiated  the 
surf  zone  successfully,  prototype  operation  should  be  found  acceptable.  On 
entering  the  surf  zone  with  the  light  ship  condition  at  11  knots,  the  model 
took  some  water  over  the  bow  but  easily  rose  over  the  second  crest  and  con- 
tinued out  to  sea.  With  the  heavier  condition  at  the  same  speed,  the  bow 
rises  less  rapidly  and  more  water  is  taken  over  the  bow.  With  the  worst 
timing  of  entry,  it  is  possible  that  green  water  will  be  shipped  over  the 
bow  at  II  knots.  However,  entering  the  surf  zone  at  5 knots  with  the  design 
load,  it  appears  that  only  spray  or  spray  sheets  will  fall  on  deck.  The  bow 
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extension  plate  added  to  the  model  helped  very  little  at  11  knots  and  is 
not  recommended  as  necessary  for  the  prototype. 

Beam  Sea  Tests 

Heave  motions,  roll  motions  and  wave  heights  were  digitized  and 

analyzed  to  find  the  root  mean  square  values  of  each  signal.  The  observed 

RMS  levels  are  plotted  in  Figure  10  for  the  three  sea  states  tested,  and 
these  runs  have  been  included  in  the  movie. 

it  is  seen  that  the  motion  levels  are  not  severe  and  the  movies  show 

that  little  water  will  be  taken  on  deck  up  to  the  sea  state  tested. 
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CONCLUSIONS  AND  RECOMMENDATIONS 

A 1/13-scale  model  of  the  design  concept  defined  in  Reference  1 for 
an  amphibious  hydrofoil  lighter  was  subjected  to  various  tests  as  described 
in  this  report,  in  order  to  verify  that  the  vehicle  can  meet  the  design 
specifications.  It  is  concluded  that  the  proposed  vehicle  can  carry  a 60- 
ton  payload  at  35  knots,  maintaining  a speed  of  at  least  32.5  knots  in 
head  seas  with  an  installed  power  of  7200  HP.  Specific  observations  and 
conclusions  based  on  these  tests  are  as  follows: 

The  proposed  height  sensor,  a twisted  flap  piercing  the  water  surface, 
was  tested  over  a range  of  speed  and  submergence.  Based  on  these  tests,  it 
is  concluded  that: 


i 


i 
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1)  The  ideal  rate  of  change  of  control  flap  angle  with  submergence 
(one-half  times  pitch)  givis  a good  estimate  of  the  observed 
rate  for  the  middle  range  of  submergences. 

2)  Control  flap  angle  at  constant  submergence  has  little  speed  de- 
pendence in  the  middle  ranges  of  submergences. 

3)  At  extreme  submergences,  control  flap  position  varies  with  speed 
and  deviates  significantly  from  the  ideally  expected  value. 

Tandem  foil  tests  were  carried  out  using  a scaled  model  of  the  actual 
foils,  fiaps  and  =truts.  Based  on  these  tests,  it  is  concluded  that: 

k)  Model  foil  lift  results  showed  evidence  of  stall  at  a lift  coef- 
ficient between  0.6  and  0.8  while  stall  of  the  prototype  is  ex- 
pected between  1.1  and  1.2. 

5)  The  desired  maximum  lift-drag  ratio  has  been  achieved  with  the 
design  foil  spacing  at  take-off  speed. 

6)  Prototype  lift  and  drag  characteristics  should  be  predicted  using 
the  procedure  outlined  herein,  based  on  available  empirical  re- 
sults and  on  the  results  of  these  measurements. 

The  dynamically  scaled  model  of  the  proposed  amphibious  hydrofoil 
lighter  was  towed  at  constant  speed  while  free  to  move  in  pitch  and  heave, 
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with  the  proposed  automatic  height  control.  Based  on  these  tests,  it  is 
concluded  that: 

7)  The  proposed  vehicle  can  operate  acceptably  in  calm  water  and 
in  head  and  following  seas  representing  Sea  State  2,  using  the 
proposed  height  control  system  forward  only. 

8)  To  achieve  acceptable  operating  qualities  over  a range  of  load 
and  speed  conditions,  adjustments  available  to  the  pilot  should 
include  (a)  forward  flap  null  position,  and  (b)  fixed  aft  flap 
angle.  It  presently  appears  that  one  gain  for  the  height  control 
system  can  be  used  for  a wide  range  of  speed  and  load  conditions. 

9)  The  proposed  take-off  speed  of  17  knots  is  well  within  the  power 
and  lifting  capabilities  of  the  design. 

10)  Damping  of  the  observed  phugoid-osci 1 iation  can  be  increased  by 

decreasing  forward  control  gain  and  by  increasing  the  mean  trim. 

11)  Wave-induced  motions  in  Sea  State  2 are  small  and  the  RMS  accel- 

eration at  the  bow  in  head  seas  was  observed  to  be  0.2g  for  the 
fully  loaded  condition  at  35  knots. 

12)  The  speed  loss  in  head  seas  can  easily  be  made  less  than  7 per- 
cent by  means  of  small  changes  in  mean  heave  or  trim.  The  speed 

loss  at  constant  heave,  trim  and  power  will  be  10  percent  or 
less,  depending  on  mean  heave  and  trim. 

13)  Hydrofoil  suction  creates  a significant  depression  above  the  foils 
which  will  be  accentuated  at  the  aft  foil  by  fluid  acceleration 
due  to  propeller  thrust.  Running  with  a small  bow-up  trim  should 
alleviate  any  resulting  propeller  ventilation  or  emersion. 

Directional  stability,  turning  equilibrium  conditions  and  dynamic  sta- 
bility of  these  equilibrium  conditions  were  estimated  using  measurements  of 
forces  and  moments  on  the  model  as  well  as  empirical  relations  for  strut 
added  mass  and  theoretical  estimate  of  hull  added  mass.  Based  on  these 
measurements  and  analyses,  it  is  concluded  that  for  hull-borne  operation: 

]k)  The  proposed  vehicle  is  statically  unstable  in  yaw  angle  about  the 
center  of  gravity,  as  is  true  of  many  marine  vehicles. 

I 

15)  Lateral  plane  damping  derivatives  are  large  leading  to  a high  degree  | 
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of  directional  stability. 

16)  The  proposed  aft  rudder  does  not  give  acceptable  turning  per- 
formance due  to  the  overpowering  effects  of  the  stabilizing 
damping  derivatives. 

17)  Acceptable  turning  performance  will  be  achieved  by  using  either 
(a)  fore  and  aft  rudders  extending  from  hull  to  foils,  or  (b) 
strut-flap  rudders  on  all  four  struts. 

For  foilborne  operation  using  strut-flap  rudders,  it  is  concluded  that: 

18)  The  proposed  vehicle  is  directionally  stable  with  acceptable 
turning  performance. 

Surf  transit  tests  were  carried  out  entering  the  water  and  exiting 
with  the  light  ship  and  design  load  conditions,  where  the  period  of  the 
wave  was  1.1  seconds  and  the  breaker  height  was  7 feet.  The  beach  slope 
used  was  1:6.  Based  on  these  tests,  it  is  concluded  that: 

19)  In  the  light  ship  or  design  load  condition,  exiting  the  surf 
zone  presents  no  difficulties  at  speeds  up  to  1 1 knots. 

20)  Entering  the  surf  zone,  the  model  test  conditions  and  setup 
represents  a nearly  worst  condition  for  judging  prototype 
operation. 

21)  With  the  design  load  condition  at  5 knots,  some  spray  or  spray 
sheet  will  come  over  the  bow  when  entering  the  first  wave,  but 
no  green  water  should  come  over  the  bow. 

22)  On  entering  the  surf  zone  with  the  light  ship  condition  at  II 
knots,  the  model  took  some  water  over  the  bow  from  the  first 
crest,  but  easily  negotiated  the  second  crest  and  continued  out 
to  sea. 

23)  With  the  design  load  condition  at  11  knots,  water  will  be 
shipped  over  the  bow  when  entering  the  first  wave  crest  but 
should  not  present  too  great  a problem  for  the  prototype. 

The  model  was  subject  to  irregular  beam  seas  with  the  design  load  con- 
dition at  zero  speed  and  with  RMS  wave  elevation  up  to  2.1  feet  (significant 
height  8.5  feet  between  Sea  States  4 and  5).  Based  on  these  tests,  it  is 
concluded  that: 

24)  The  proposed  vehicle  can  easily  survive  in  waves  up  to  at  least 
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sea  state  5 with  acceptable  motion  levels  and  with  little  water 
taken  on  deck. 

The  overall  conclusion  is  that  the  proposed  design  described  in  Refer- 
ence 1 for  an  amphibious  hydrofoil  lighter  will  have  acceptable  operational 
qualities  with  only  slight  changes  as  follows: 

25)  The  height  control  sensor  should  extend  from  the  hull  baseline  to 
the  hydrofo i 1 , 

26)  Steering  should  be  controlled  by  four  strut  flaps  rather  than  a 
single  aft  rudder  or  fore  and  aft  rudders. 

In  the  further  development  of  this  craft,  the  confidence  gained  from 
these  model  tests  indicates  that  the  next  development  phase  should  be  a 
manned  model  supported  by  some  preliminary  analyses  and  tests.  In  particular, 
the  following  development  tasks  are  recommended: 

27)  Height  Sensor  Test  — A small  model  of  the  extended  height  sensor 
should  be  tested  in  a variable  pressure  water  channel,  in  order 

to  assure  that  the  ideal  output  rate  is  achieved  over  a wide  range 
of  submergence. 

28)  Dynamic  Analyses  — Simulation  of  vehicle  behavior  should  be  carried 
out  to  study  dynamic  stability  and  response  over  a range  of  foil- 
borne  speed  and  load  conditions,  in  order  to  specify  an  acceptable 
range  of  gain  for  the  height  control  system.  Degrees  of  freedom 
should  include  sway,  heave,  roll,  pitch  and  yaw.  No  further  model 
tests  are  required  to  support  this  task. 

29)  Manned  Model  Design  — Based  on  I terns  27  and  28  and  on  the  concept 
design  in  Reference  1,  a manned  model  should  be  designed  for  further 
testing  of  this  concept.  A scale  ratio  between  1:2.9  to  1:3.2 
seems  reasonable  at  this  time. 

30)  Manned  Model  Testing  — The  manned  model  design  from  I tern  29  should 
be  constructed  and  tested  over  a range  of  speed,  load  and  environ- 
mental conditions. 

Based  on  this  recommended  development  program,  a final  prototype  design  can  be 
established  with  confidence  that  the  prototype  operational  qualities  will  be 
found  acceptable. 


19 


R-1890 


REFERENCES 

1.  "60-Ton  Amphibious  Lighter  Conceptual  Design,"  M.  Rosenblatt  and 

Son,  Inc.,  MR&S  Report  No. 2106-1,  March  1972. 

2.  Dalzell,  J.F.,  "The  Simulation  of  Vehicle  Performance  in  Surf-1," 

Journal  of  Ter ramechan i cs , Vol.lO,  No. 2,  1973. 

3.  "Data  Sheets  - Aerodynamics,"  Royal  Aeronautical  Society,  Technical 

Department,  London,  I965. 

k.  Wadlin,  K.  and  Christopher,  K.,  "A  Method  for  Calculation  of  Hydro- 

dynamic  Lift  for  Submerged  and  Planing  Rectangular  Lifting  Surfaces," 
NASA  Technical  Report  R-14. 

5.  Glauert,  H.,  The  Elements  of  Aerofoil  and  Airscrew  Theory.  Cam- 

oridge  University  Press,  1959. 

6.  Abbott,  I.  and  VonDoenhoff,  A.,  Theory  of  Wing  Sections  Including 

a Summary  of  Airfoil  Data.  Dover  Publications,  New  York,  1959. 

7.  Sottorf,  W.,  "Experimental  Investigations  Concerning  the  Problems 

of  Hydrofoils,"  DT  NSRDC  Translation  299,  June  1966. 

8.  Mi  1 ne-Thomson , L.M.,  Theoretical  Aerodynamics,  MacMillan  and  Co., 

New  York,  1958. 


9.  Kim,  C.,  Henry,  C.  and  Chou,  F. , "Hydrodynamic  Characteristics  of 

Prismatic  Barges,"  Stevens  Institute  of  Technology,  Report  OE-71-7, 
September  1971 • 

10.  Breslin,  J.,  "The  Hydrodynamic  Characteristics  of  Several  Surface- 

Piercing  Struts,  Part  II:  The  Side  Force  Developed  in  the  Absence 

of  Ventilation,"  Davidson  Laboratory  Report  S IT-DL-56-597 , January 
1956. 


20 


OVERALL  weight; 

; AND  INERTIAS 

Conf i gurat ion 

MODEL  (1/13  Scale) 

FULL  SCALE 

P i tch 

Pi  tch 

Weight 

LOG 

VCG 

Inertia 

Weight 

LCG 

VCG 

1 nert i a 

lb 

in 

in 

ft®  - lb 

tons 

ft 

ft 

f t®-tons 

Light  Ship 
Wheels  Up 

121 .6 

30.0 

4.32 

ho 

00 

120 

32.5 

4.7 

46,900 

Design  Load 
Wheels  Up 

187.8 

31.2 

5.57 

365 

184 

33.8 

6.0 

60,500 

Light  Ship 
Wheels  Down 

121 .6 

30.0 

2.70 

283 

120 

32.5 

2.9 

46,900 

Des i gn  Load 
Wheels  Down 

187.8 

31.2 

4.56 

365 

184 

33.8 

4.9 

60,500 

DIMENSIONS 


Model  (1/13  Scale) 

Full  Scale 

Length 

72.90  in 

79.00  ft 

Beam 

27.70  in 

30.00  ft 

Foil  Spacing 

41.50  in 

45.00  ft 

Foi 1 Span 

32.00  in 

34.67  ft 

Foil  Chord 

5.50  in 

5.96  ft 

Flap  Chord 

1.38  in 

1.49  ft 

Strut  Length 

4.50  In 

4.88  ft 

Strut  Chord 

5.50  in 

5.96  ft 

Control  Flap 

Pitch  20  deg/in 

18.46  deg/ft 

2 


Submergence 

ft 

Speed 

kt 

Deflection 

deg 

0.271 

17.04 

4.50 

20.62 

4.00 

24.23 

4.25 

27.84 

3.00 

31.40 

3.50 

35.03 

3.25 

17.04 

4.50 

0.5^2 

17.04 

3.25 

20.62 

4.50 

24.23 

5.00 

27.86 

5.25 

31.40 

5.50 

35.03 

5.50 

0.812 

17.04 

5.25 

20.62 

5.75 

24.23 

6.25 

27.84 

6.75 

31.40 

6.75 

35.03 

6.75 

1.083 

17.04 

8.25 

20.62 

8.50 

24.23 

8.75 

27.84 

9.00 

31.40 

9.00 

35.03 

9.00 

Submergence 

ft 

Speed 

kt 

Deflection 

deg 

1.354 

17.04 

11.25 

20.62 

12.25 

24.23 

12.50 

27.86 

12.75 

31.40 

12.75 

35.03 

12.50 

1.625 

17.04 

11.75 

20.62 

12.00 

24.23 

11.75 

27.84 

11.75 

31.40 

11.75 

35.03 

11.75 

1.896 

17.04 

12.50 

20.62 

12.75 

24.23 

12.50 

27.84 

13.50 

31.40 

13.75 

35.03 

13.50 

2.437 

17.04 

14.75 

20.62 

14.25 

24.23 

13.50 

27.84 

13.25 

31 .40 

13.50 

35.03 

13.50 

FIG.  2.  HEIGHT  SENSOR 
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SUBMERGENCE  (INCHES  MODEL  SCALE) 


I I I I I I I I I I L 

0 10  20  30 

SUBMERGENCE  (INCHES  FULL  SCALE) 


FIG.3.  MEASURED  CONTROL  FLAP  ANGLE  VERSUS  SUBMERGENCE 
OVER  RANGE  OF  SPEEDS 


STARBOARD  FLAP 


note:  dimensions  SHOWN  IN 
FEET  FULL  SCALE. 

MODEL  WAS  1/13  OF  FULL  SCALE. 


FIG.5.  STRUTS,  FOILS  AND  FLAPS 
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FIG.  7 CONTROL  SYSTEM  SCHEMATIC  FOR  MODEL  STUDY  OF  CONTROL 
CHARACTERISTICS 
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APPENDIX  A 

TANDEM  FOIL  TEST  RESULTS 

Lift  and  drag  forces  on  the  proposed  tandem  hydrofoil  system  were 
measured  over  a range  of  speed,  trim  angle,  fore  and  aft  flap  angles  and 
separation  distance.  Using  the  apparatus  described  previous  1 y, total  lift,  L, and 
drag,  D,  of  the  tandem  foil  system  were  measured  as  well  as  lift  and  drag 
on  the  aft  foil.  After  correcting  the  aft  foil  measurements  for  trim 
angle  t,  by  means  of 


L = Ncost  - RsinT 

^ (A-1) 

D = NsinT  + RcosT 
d 

where  N and  R are  forces  normal  and  parallel  to  the  chord  plane  of  the 
aft  foil,  while  Lg  and  Dg  are  forces  normal  and  parallel  to  the  free 
stream  velocity,  the  lift  and  drag  on  the  forward  foil  were  found  by  sub- 
traction as 


(A-2) 


The  submergence  at  midchord  was  computed  for  each  foil  from 
Cf  = C - i ?sinT 
Cg  = C + 2 ?sinT 


(A-3) 


where  Cr  ^nd  Q are  the  fore  and  aft  foil  submergence,  Q is  the  mean 
submergence  midway  between  the  foils  and  § is  the  foil  spacing.  All  re- 
sults were  non-d i mens ional i zed  according  to  the  following  relations; 

Q'f  = Cf/c  , = V^/gc  , = L^/ipV^A  , 0^^=  D^./ipV^A 

(A-4) 

c;  = Cg/c  . F|  = vVg?  , = L/ipV"A  , D/ipV=A 
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where  c is  the  foil  chord  length,  V is  the  forward  speed,  g is  the 
gravitational  constant,  p is  water  density  and  A is  the  chord  plane 
area  of  one  foil.  Trim  angles  and  flap  angles  are  in  degrees. 

The  observed  dimensionless  lift  and  drag  are  listed  in  Table  A-1 
for  the  forward  foil  and  in  Table  A-2  for  the  aft  foil.  Runs  32  through 
8l  and  Runs  97  through  103  exhibit  the  variation  in  lift  and  drag  with 
trim  angle,  flap  angles,  and  speed  at  the  design  foil  separation,  while 
Runs  82  through  96  demonstrate  their  variation  with  foil  separation  at 
take-off  speed.  Also  shown  in  these  tables  are  predicted  values  of  for- 
ward foil  lift  coefficient  and  aft  foil  lift  and  drag  coefficients,  as 
obtained  by  least  squares  curve  fits  of  the  corresponding  measured  data. 
The  forward  foil  drag  coefficient  was  not  found  amenable  to  least  squares 
curve  fitting,  probably  because  too  much  scatter  was  introduced  by  the 
subtraction  of  small  measured  values  in  Eq.(A-2).  Drag  forces  tended  to 
be  about  1/10  of  the  lift  forces  and  their  measurement  accuracy  was  not 
correspondingly  smaller. 


The  results  of  the  least  squares  curve  fitting  are  shown  in  Table 
A-3,  where  it  is  seen  that  the  forward  foil  lift  coefficient  was  fitted 
with  six  terms.  The  first  five  terms  represent  the  high  Froude  number 
free-surface  effect  times  the  trim  angle  and  flap  angle  terms.  The  last 
term  is  a free-surface  correction  due  to  wave-making  which  depends  on 
.-roude  number  based  on  chord  length  as  well  as  on  depth  . The 

value  of  each  coefficient  as  determined  by  the  least  squared  error  tech- 
nique is  listed  in  Table  A-3,  together  with  some  statistics  of  the  fit. 

It  is  seen  that  62  data  points  were  used,  that  the  ratio  of  unexplained 
mean  squared  variation  to  total  variation  is  0.103  percent  and  that  the 
correlation  of  residual  error  with  dependent  variable  is  3.5  percent. 

Fitted  and  measured  values  of  forward  foil  lift  coefficient  are  plotted 
versus  flap  angle  in  Figure  A-1  through  A-4,  showing  good  agreement  be- 
tween empirical  and  observed  values.  Stalling  of  the  forward  foil  is 
evident  in  these  plots  as  well  as  in  the  need  for  higher  order  flap  angle 
terms.  The  zero-lift  flap  angle  at  zero  trim  is  seen  to  be  about  -5  deg. 
Flap  angles  were  measured  from  a position  with  the  lower  flap  surface 
parallel  to  the  lower  foil  surface  and  the  wedge  angle  at  the  trailing  edge 
of  the  flap  was  10.4  degrees,  so  that  a flap  angle  of  -5.2  degrees  yields  a 
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symmetric  foil.  The  rate  of  change  of  lift  coefficient  with  trim  angle  in 
infinite  fluid  was  estimated  from  Reference  3 as  0.0640  per  degree.  Using 
Eq.(15)  of  Reference  4,  the  lift-curve  slope  is  estimated  to  be 


where 

(4CP^  +1 

h. — , 

^ iK'f)  +2 


0. 0635/deg  at  Cf  = 0.659 


where  A = 5.82  is  the  aspect  ratio  of  the  foil  and  where  (a.)  = 5.l8/rad 

is  the  estimated  two-dimensional  lift  curve  slope  for  the  model  foil  cross- 
section  as  obtained  from  Reference  3-  The  empirical  lift  curve  slope 
a^  = 0.04814  appears  to  be  about  25  percent  low.  This  may  be  due  to  the 
small  range  of  trim  angle  included  in  the  measurements,  to  the  extrapolation 
to  low  Reynolds  number  (3.5  to  7.1  x 10^)  in  applying  the  results  of  Refer- 
ence 3,  to  laminar  flow  conditions  and  separation  on  the  model  foil,  or  due 
to  measurement  error.  It  is  felt  that  the  value  predicted  by  means  of 
References  3 and  4 is  reliable. 

The  linear  flap  angle  term  in  the  forward  foil  lift  coefficient  was 
also  compared  with  that  predicted  by  Reference  3.  For  the  given  model  foil 
geometry  the  lift-curve  slope  due  to  flap  angle  was  estimated  to  be  .0349/deg 
which  is  12  percent  higher  than  a2=.030829/deg  shown  in  Table  A-3.  Again, 
an  extrapolation  in  Reynolds  number  was  required  in  using  Reference  3 for 
model  size,  so  that  the  agreement  in  lift-curve  slope  due  to  flap  angle  is 
considered  satisfactory  and  use  of  this  reference  for  predictions  is  recom- 
mended . 


For  the  aft  foil  lift  coefficient,  the  first  six  terms  shown  in 
Table  A-3  are  similar  to  the  corresponding  terms  for  the  forward  foil.  The 
seventh  term  accounts  for  the  downwash  from  the  forward  'oil  at  high  Froude 
number  while  the  last  four  terms  account  for  the  wave-induced  downwash  from 
the  forward  foil.  It  is  seen  that  66  data  points  were  included  in  the  least 
squares  curve  fit,  that  the  ratio  of  unexplained  mean  square  variation  to 
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total  variation  is  1.15  percent  and  that  the  residual  correlation  is  9.9 
percent.  The  fitted  and  measured  values  of  aft  foil  lift  coefficient  are 
plotted  versus  flap  angle  in  Figures  A-5  through  A-8,  indicating  good 
agreement  between  empirical  and  observed  values.  Stalling  of  the  aft 
foil  is  not  so  evident  in  the  observed  aft  foil  lift  coefficient  as  with 
the  forward  foil  because  most  of  the  plots  at  constant  trim  angle  contain 
data  only  at  two  values  of  aft  flap  angle.  However,  in  fitting  the  afc 
lift  data  it  was  found  that  the  overall  statistics  improved  significantly 
when  the  higher  order  flap  angle  terms  were  included.  The  lift-curve 
slope  due  to  trim  angle  based  on  References  3 and  4 is  the  same  for  the 
aft  foil  as  that  of  the  forward  foil,  about  0.064  per  degree,  while  the 
fitted  value  is  bj=  0.056934  per  degree,  which  is  about  11  percent  low. 
This  result  may  be  closer  to  the  estimated  value  than  that  of  the  forward 
foil  due  to  turbulence  created  by  the  forward  foil  which  decreased  the 
laminar  separation  on  the  aft  foil.  This  explanation  is  in  agreement  with 
the  higher  value  of  lift-curve  slope  due  to  flap  angle  b^=  0.037397  per 
degree  for  the  aft  foil  as  compared  to  a^=  0.030829  per  degree  for  the 
forward  foil.  The  aft  value  is,  in  fact,  7 percent  higher  than  0.0349  the 
estimated  value  based  on  Reference  3.  These  results  further  substantiate 
use  of  References  3 and  4 for  predictive  purposes. 


The  terms  in  the  aft  foil  lift  coefficient  representing  the  effect 
of  the  wave- induced  downwash  from  the  forward  foil  depend  on  the  forward 
foil  lift  coefficient,  the  fore  and  aft  foil  submergence,  the  Froude  number 
based  on  chord  length,  as  well  as  on  the  Froude  number  based  on  separation 

distance  F_.  At  sufficiently  large  separations  the  wave-induced  downwash 

= . . -2 

should  vary  sinusoidally  with  F^  . Since  the  tandem  foils  of  this  vehicle 
are  separated  by  less  than  one  wave  length  at  all  speeds  from  take-cff  and 
above,  the  regular  wave  train  is  augmented  by  a local  effect  which  requires 
the  higher  order  terms  shown  in  Table  A-3.  The  variation  of  upwash  with 
separation  distance,  due  to  the  forward  foil  wake  as  inferred  by  the  least 
square  fit  results,  i.e.. 


f(F^)  = b^sinF^^  + bgCosF^^  + bgSin3F^^  + bjQCOs3F^^ 
is  plotted  in  Figure  A-9.  The  higher  order  terms  were  chosen  to  give  a more 
peaked  fitting  function  and  are  not  physically  realistic  since  they  do  not 
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decay  with  increasing  separation  distance.  However,  these  functions  are 
considered  an  appropriate  simplification  for  the  purposes  of  this  study. 
More  data  at  larger  separations  would  be  required  to  establish  more 
realistic  terms  containing  perhaps  an  exponential  decay  with  separation 
distance. 


The  first  term  of  the  fitting  function  for  the  aft  foil  drag  coef- 
ficient represents  profile  drag  while  the  second  through  the  sixth  terms 
are  various  components  of  the  induced  drag.  Each  induced  drag  term  is  a 
product  of  the  aft  foil  lift  coefficient  times  a factor  proportional  to 
contributions  to  the  downwash  at  the  aft  foil.  The  second  term  is  the 
induced  drag  due  to  downwash  produced  by  trim  angle  of  the  aft  foil  while 
the  third  term  is  that  due  to  aft  flap  angle.  The  fourth  term  is  the  in- 
duced drag  due  to  downwash  from  the  forward  foil  at  high  Froude  number 
while  the  fifth  is  that  due  to  waves  made  by  the  forward  foil.  The  last 
induced  drag  term  represents  wave  drag  of  the  aft  foil.  The  seventh  and 
eighth  terms  were  added  to  improve  the  fit  and  are  due  to  stalling  of  the 
aft  foil.  The  profile  drag  coefficient  is  commensurate  with  the  model 
Reynolds  number  and  foil  cross  section.  The  coefficients  of  the  induced 
drag  terms  are  considerably  higher  than  expected.  The  induced  drag  for 
one  wing  of  a biplane  with  rectangular  planform  (the  biplane  is  the  high 
Froude  number  representation  of  a hydrofoil  near  the  f ree-surface)  is  given 
in  Reference  5 as 


C 


Di 


( 1 + A +g)  2 


where  A is  a correction  factor  for  non-elliptical  spanwise  lift  distribu- 
tion (6=0.06)  and  a is  a correction  factor  due  to  the  upper  wing  of  the 
biplane  (a=0.44  at  Q'=0.6SS),  thus,  it  is  expected  that  the  induced  drag 
terms  would  be  approximately 

Cp_  = 0.082 

Thus,  coefficients  Cj,  c^  and  c^  appear  too  large  by  a factor  of  2 while 
coefficients  c^  and  c^  seem  to  be  about  50  percent  higher  than  expected. 
This  discrepancy  may  be  due  to  the  low  Reynolds  number  and  stalling  of  the 
aft  foil,  due  to  numerical  effect  of  the  non-linear  flap  terms  on  the  least 
squared  error  technique,  due  to  the  effect  of  the  viscous  wake  from  the 
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stalled  region  of  the  forward  foil  or  due  to  inappropriate  fitting  functions 
for  the  complex  flow  pattern  of  a tandem  hydrofoil  system  with  substantial 
stalling  effects.  It  is  felt  that  the  established  results  of  Reference  5 
are  more  reliable  than  this  one  set  of  measurements  containing  several 
reasons  to  question  the  least  square  fitting  results  as  mentioned  above. 
Consequently,  the  results  of  Reference  5 are  recommended  for  prototype  pre- 
dictions, for  both  forward  and  aft  hydrofoils. 

Based  on  the  above  reasoning,  it  is  recommended  that  the  following 
expressions  be  used  for  full-scale  predictions  of  lift  and  drag  of  the  pro- 
posed tandem  hydrofoil  system: 

1)  Forward  Foil  Lift  Coefficient 

^Lf  = + SfC|_5(Cf)  + 

2)  Fonvard  Foil  Drag  Coefficient 

3)  Aft  Foil  Lift  Coefficient 

h)  Aft  Foil  Drag  Coefficient 

*'Da  - ^Do"^  ^Lat'^"'^o^''LT^^a^‘^l'^®a^L6^^a^'^2'*'3^^a’'"c^^‘'La‘^5 


■^^Laf®‘^3  ^Lafw‘^4] 


where 


T = zero  lift  angle  of  attack 
o 

C,  (C')=  lift  rate  due  to  trim 
LT 

CljCC*)®  lift  rate  due  to  flap 
Clw(C'»F^)=  lift  coefficient  due  to  Froude  number  effects 
Cp^  = profile  drag  coefficients 
c. ; i=l ,2,3,4,5  = coefficients  of  induced  drag  terms 
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g(C',Fp  = exp(-2C'/Fp/F= 

^Laf®  ~ ''ft  coefficient  for  aft  foil  due  to  forward  foil  down- 
wash  at  high  Froude  number 


Ciafw  lift  coefficient  for  aft  foil  due  to  wave-induced  down- 
wash  from  forward  foi 1 


The  value  of  depends  on  the  camber  of  the  hydrofoils  and  a value  of 
T^=  -3.^8  degrees  has  been  used  in  some  previous  design  studies  for  this 
vehicle.  The  other  coefficients  above  can  be  evaluated  as  follows: 


Coefficient 

Expression  or  Value 

Source 

Cl,(C) 

h(C')(a,)^K3(C')A^ 

Reference  A 

C|_g(£') 

h(C')(a2)^3(C‘)A^ 
\ «■> 

Reference  A 

aj9(C'.F,=) 

Table  3 

"5 

i(a^  + bj) 

Table  3 

So 

0.00522 

Reference  3 

Ci=C2 

[1  + A +a  ( C')]/ttA|^ 

Reference  5 

A 

0.06 

Reference  5 

exp[-2.4(2C'/Aj3)*7^] 

Reference  5 

S 

0.138 

Table  3 

^Laf« 

b6h(q)C(T-T^)C,,(Cp-^6,C^^(q)] 

Table  3 

s 

-0.376 

Table  3 

(Cont'd) 

A7 




R-1890 


Coefficient 


Expression  or  Value 

CLf9(q+q.Fc^)  (b^sinF^^ 

-2  -2 
+b^sin3Fg  + bjQCOs3F^  ) 


Source 


Table  3 


4.6587 


Table  3 


1 .2602 


Table  3 


0.10252 


Table  3 


1.1617 


Table  3 


C3  - 


<®l>o 


0.0990/deg 


Reference  3 


K3(C) 

where 


1.1865/E 1.1865  + Wg(C')] 


'6(0  = 


|(40"  + A=+1 


Reference  4 


+ 1 

(40" 


("2^0 


0.0527/deg 


Reference  3 
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TABLE  A-1 

TANDEM  FOIL  TEST  RESULTS 
FORWARD  FOIL  LIFT  AND  DRAG 


Run 

Trim 

Angle 

Flap 

Angle 

Depth 

F ^ 
c 

^Lf 
Meas . 

^Lf 
Fi  t 

32 

0 

0 

0.659 

18.22 

0.149 

0.150 

0.0160 

33 

0 

0 

0.659 

18.31 

0.149 

0.150 

0.0156 

34 

0 

0 

0.659 

4.32 

0.139 

0.143 

35 

0 

0 

0.659 

4.32 

0.146 

0.143 

0.0186 

36 

0 

0 

0.659 

10.13 

0.152 

0.142 

0.0164 

37 

0 

0 

0.659 

18.20 

0.143 

0.150 

0.0192 

38 

0 

10 

0.659 

4.32 

0.405 

0.378 

0.0358 

39 

0 

10 

0.659 

10.07 

0.404 

0.383 

0.0281 

40 

0 

10 

0.659 

18.20 

0.393 

0.385 

0.0233 

41 

0 

20 

0.659 

4.30 

0.518 

0.519 

0.0631 

42 

0 

20 

0.659 

10.07 

0.528 

0.524 

0.0535 

43 

0 

20 

0.659 

18.20 

0.537 

0.526 

0.0483 

45 

0 

-5 

0.659 

4.30 

0.002 

-0.002 

0.0138 

46 

0 

-5 

0.659 

10.07 

-0.002 

0.003 

0.0089 

47 

0 

-5 

0.659 

18.22 

-0.001 

0.005 

0.0227 

48 

0 

-10 

0.659 

4.30 

-0.152 

-0.161 

0.0192 

49 

0 

-10 

0.659 

6.88 

-0.159 

-0.158 

0.01 1 1 

51 

0 

10 

0.659 

4.30 

0.387 

0.378 

0.0560 

52 

0 

10 

0.659 

6.88 

0.379 

0.381 

0.0132 

53 

0 

10 

0.659 

6.88 

0.382 

0.381 

0.0378 

54 

0 

10 

0.659 

6.88 

0.382 

0.381 

0.0393 

55 

0 

10 

0.659 

10.07 

0.386 

0.383 

0.0383 

57 

0 

10 

0.659 

18.22 

0.382 

0.385 

0.0372 

58 

0 

20 

0.659 

4.30 

0.498 

0.519 

0.0766 

59 

0 

20 

0.659 

6.88 

0.512 

0.522 

0.0837 

61 

0 

20 

0.659 

10.07 

0.482 

0.524 

0.1099 

62 

0 

20 

0.659 

10.07 

0.519 

0.524 

0.0992 

63 

0 

20 

0.659 

10.07 

0.507 

0.524 

0.0628 

64 

2 

0 

0.51 1 

4.30 

0.212 

0.215 

0.0338 

65 

2 

0 

0.51 1 

4.30 

0.21 1 

0.215 

0.0315 

66 

2 

0 

0.51 1 

6.88 

0.219 

0.218 

0.0280 

67 

2 

10 

0.51 1 

4.30 

0.441 

0.437 

0.0503 

68 

2 

10 

0.511 

6.88 

0.448 

0.440 

0.0412 

69 

2 

20 

0.511 

4.30 

0.567 

0.570 

0.0824 

70 

2 

20 

0.511 

6.88 

0.576 

0.573 

0.0702 

71 

2 

0 

0.51 1 

4.30 

0.209 

0.215 

0.0420 

72 

2 

0 

0.51 1 

6.88 

0.214 

0.218 

0.0340 

73 

2 

10 

0.511 

4.30 

0.434 

0.437 

0.0662 

74 

2 

10 

0.511 

6.88 

0.437 

0.440 

0.0521 

75 

2 

0 

0.51 1 

4.30 

0.207 

0.215 

0.0418 

76 

2 

0 

0.51 1 

6.88 

0.210 

0.218 

0.0412 

A9  41’^ 
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Table  A-1  (Cont'd) 


Run 

Trim 

Angle 

Flap 

Angle 

Depth 

F " 
c 

^Lf 
Meas . 

^Lf 

Fit 

‘'Df 

77 

2 

10 

0.511 

4.30 

0.428 

0.437 

0.0835 

78 

2 

10 

0.511 

6.88 

0.429 

0.440 

0.0584 

79 

I 

0 

0.586 

4.30 

0.187 

0.181 

0.0264 

80 

1 

0 

0.586 

6.88 

0.181 

0.184 

0.0237 

8) 

1 

0 

0.586 

18.22 

0.193 

0.188 

0.0201 

82 

2 

0 

0.562 

5.50 

0.231 

0.222 

0.0320 

83 

2 

0 

0.547 

5.49 

0.228 

0.221 

0.0309 

84 

2 

0 

0.531 

5.49 

0.225 

0.219 

0.0201 

85 

2 

0 

0.515 

5.49 

0.220 

0.217 

0.0165 

86 

2 

0 

0.499 

5.49 

0.215 

0.215 

0.0018 

87 

2 

0 

0.483 

5.49 

0.207 

0.213 

0.0457 

88 

2 

0 

0.467 

5.49 

0.180 

0.21 1 

0.0313 

89 

2 

0 

0.451 

5.49 

0.230 

0.209 

0.0088 

90 

2 

0 

0.436 

5.49 

0.216 

0.207 

0.0178 

92 

2 

0 

0.467 

4.34 

0.228 

0.210 

93 

2 

0 

0.499 

4.34 

0.219 

0.214 

0.0378 

94 

2 

0 

0.515 

4.34 

0.223 

0.216 

0.0323 

95 

2 

0 

0.531 

4.34 

0.222 

0.218 

0.0334 

96 

2 

0 

0.562 

4.34 

0.222 

0.221 

0.0311 

97 

0 

10 

0.659 

18.22 

0.386 

0.385 

0.0376 

98 

0 

9 

0.659 

18.22 

0.365 

0.365 

0.0325 

99 

0 

8 

0.659 

18.22 

0.342 

0.345 

0.0331 

100 

0 

8 

0.659 

18.22 

0.344 

0.345 

0.0314 

101 

0 

8 

0.659 

18.22 

0.343 

0.345 

0.0319 

102 

0 

8 

0.659 

18.22 

0.344 

0.345 

0.0330 

103 

0 

8 

0.659 

18.22 

0.346 

0.345 

0.0318 

AlO 
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TABLE  A-2 

TANDEM  FOIL  TEST  RESULTS 
AFT  FOIL  LIFT  AND  DRAG 


Trim 

F I ap 

‘^Lf 

^La 

<^La 

Sa 

Sa 

Run 

Angle 

Angle 

Depth 

F ^ 
c 

Fit 

Meas . 

Fit 

Meas . 

Fit 

32 

0 

0 

0.659 

18.22 

2.172 

0.150 

0.096 

0.134 

0.0181 

0.0173 

33 

0 

0 

0.659 

18.31 

2.184 

0.150 

0.097 

0.134 

0.0183 

0.0173 

34 

0 

0 

0.659 

4.32 

0.516 

0.143 

0.154 

0.183 

35 

0 

0 

0.659 

4.32 

0.516 

0.143 

0.178 

0.183 

0.0164 

0.0174 

36 

0 

0 

0.659 

10.13 

1.207 

0.142 

0.136 

0.130 

0.0173 

0.0174 

37 

0 

0 

0.659 

18.20 

2.169 

0.150 

0.122 

0.134 

0.0178 

0.0173 

38 

0 

0 

0.659 

4.32 

0.516 

0.378 

0.224 

0.235 

0.0160 

0.0166 

39 

0 

0 

0.659 

10.07 

1.199 

0.383 

0.101 

0.121 

0.0173 

0.0172 

40 

0 

0 

0.659 

18.20 

2.169 

0.385 

0.062 

0.112 

0.0166 

0.0166 

41 

0 

0 

0.659 

4.30 

0.513 

0.519 

0.240 

0.267 

0.0153 

0.0157 

42 

0 

0 

0.659 

10.07 

1.199 

0.524 

0.094 

0.110 

0.0171 

0.0170 

43 

0 

0 

0.659 

18.20 

2.169 

0.526 

0.038 

0.098 

0.0157 

0.0158 

45 

0 

0 

0.659 

4.30 

0.513 

-0.002 

0.152 

0.151 

0.0172 

0.0175 

46 

0 

0 

0.659 

10.07 

1.200 

0.003 

0.147 

0.148 

0.0171 

0.0174 

47 

0 

0 

0.659 

18.22 

2.172 

0.005 

0.154 

0.147 

0.0173 

0.0174 

48 

0 

0 

0.659 

4.30 

0.513 

-0.161 

0.131 

0.116 

0.0178 

0.0171 

49 

0 

0 

0.659 

6.88 

0.821 

-0.158 

0.140 

0.140 

0.0228 

51 

0 

10 

0.659 

4.30 

0.513 

0.378 

0.462 

0.430 

0.0431 

0.0434 

52 

0 

10 

0.659 

6.88 

0.821 

0.381 

0.374 

0.367 

0.0451 

0.0435 

53 

0 

10 

0.659 

6.88 

0.821 

0.381 

0.388 

0.367 

0.0451 

0.0435 

54 

0 

10 

0.659 

6.88 

0.821 

0.381 

0.389 

0.367 

0.0451 

0.0435 

55 

0 

10 

0.659 

10.07 

1 .200 

0.383 

0.346 

0.316 

0.0458 

57 

0 

10 

0.659 

18.22 

2.172 

0.385 

0.302 

0.307 

0.0423 

0.0423 

58 

0 

10 

0.659 

4.30 

0.513 

0.519 

0.467 

0.462 

0.0412 

0.0425 

59 

0 

10 

0.659 

6.88 

0.821 

0.522 

0.358 

0.3  76 

0.0417 

0.0435 

61 

0 

10 

0.659 

10.07 

1 .200 

0.524 

0.327 

0.306 

0.0431 

0.0428 

62 

0 

10 

0.659 

10.07 

1 .200 

0.524 

0.310 

0.306 

0.0427 

0.0428 

63 

0 

10 

0.659 

10.07 

1 .200 

0.524 

0.334 

0.306 

0.0439 

0.0428 

64 

2 

0 

0.807 

4.30 

0.513 

0.215 

0.306 

0.288 

0.0304 

65 

2 

0 

0.807 

4.30 

0.514 

0.215 

0.316 

0.288 

0.0257 

0.0254 

66 

2 

0 

0.807 

6.88 

0.821 

0.218 

0.265 

0.252 

0.0255 

0.0252 

67 

2 

0 

0.807 

4.30 

0.513 

0.437 

0.367 

0.338 

0.0248 

0.0247 

68 

2 

0 

0.807 

6.88 

0.821 

0.440 

0.245 

0.265 

0.0256 

0.0252 

69 

2 

0 

0.807 

4.30 

0.514 

0.570 

0.383 

0.367 

0.0247 

0.0238 

70 

2 

0 

0.807 

6.88 

0.821 

0.573 

0.257 

0.273 

0.0242 

0.0252 

71 

2 

10 

0.807 

4.30 

0.513 

0.215 

0.554 

0.490 

0.0596 

0.0595 

72 

2 

10 

0.807 

6.88 

0.821 

0.218 

0.493 

0.454 

0.0586 

0.0584 

73 

2 

10 

0.807 

4.30 

0.513 

0.437 

0.609 

0.540 

0.0598 

0.0588 

74 

2 

10 

0.807 

6.88 

0.821 

0.440 

0.488 

0.467 

0.0582 

0.0584 

75 

2 

20 

0.807 

4.30 

0.514 

0.215 

0.664 

0.692 

0.1020 

0.1020 

76 

2 

20 

0.807 

6.88 

0.821 

0.218 

0.604 

0.656 

0.0998 

0. 1001 

77 

2 

20 

0.807 

4.30 

0.514 

0.437 

0.710 

0.742 

0.1015 

0.1012 

78 

2 

20 

0.807 

6.88 

0.821 

0.440 

0.594 

C.669 

0.1000 

0.1001 
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TABLE  A-3 


TANDEMFOIL  TEST  RESULTS 
SUMMARY  OF  LEAST  SQUARE  FITS 


1)  FORWARD  FOIL  LIFT  COEFFICIENT 
+1 


L(4£')^  +2J 


a + a.T  + a„6 
O I z 


f + + a^  ^ 


2Cf7F| 


a = 0.17185 
o 

a,  = 0.048414 

a^  = 0.030829 


a^  = -0.38686x10"^ 
= -0.48298x10 
a^  = -0.055222 


-5 


n = 62 

o^/a^  = 0.00103 
e y 

I-  = 0.035 


2)  AFT  FOIL  LIFT  COEFFICIENT 

■ l\2 


'La 


{K'^r  +1 


(4c;)^  +2 


b + b.T  + b„6  + b,6  ^+b,  ^ 

o 1 2 a 3 a 4 a 


) 


-2C;/F| 


+ b. 


(4C')2 


+C 


Lf 


,(4cp=  +2 

■^^a"'  c / 

— 


(%  * a,T  + + aj6/  + a^6/j 


-2(CfH;)/F| 


-2  -2  -2  -2 
nF^  +bgCosF^  +b^sin3F^  +b^QCOs3F^ 


) 


b = 0.17481 

0 

bg  = -0.37623 

n = 66 

c 

b|=  0.056934 

b^  = 4.6587 

a^/a^  = 0.01 15 
e y 

82=  0.037397 

bg  = 1.2602 

r = 0.099 

by  -0.13612x10"^ 

1 

bg  = 0.10252 

r„  =-0.0077 

‘'Lf 

c 

b^=  0.22872x10" 

b^=  -0.091872 

b,Q=  1.1617 

(Cont 'd) 
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Table  A-3  (Cont'd) 


3)  AFT  FOIL  DRAG  COEFFICIENT 


C-  = c + C, 
Da  o La 


{c,b  T 

( ' ' L(4C' 


{K'y+i}  2 

a 


+ c. 


](' 


b +b-6  +b,6^+b,  6^ 
(4C')^+2.I^  ° ^ ® 3 a 4 a; 


+ c-b^  — 

^ ^ _(4;p=+2j 


(a^+a,T«26f«36»+a^6») 


* ‘‘t'-Lf 


-2(Cf*q)/F=  , 


-2  -2  -2  -2 

^ +bgCosF^  +bgSin3F^  +bjQCOs3F^ 


I a ^ / 

— ^ b^sinF,"+bRCOsF,“+bQsin3F,"+b,„cos3F 


^5*^La  ■" 


c = 
o 


= 


^=2  = 


^3 


0.014261 

0.17682 

0.12671 

-0.17180 


^^4  ~ 


^6  ~ 


"7  = 


-0.17106 
0.13817 

0.84237x10 
-0.12491x10"^ 


n = 61 


-4 


o^/a^  0.00125 

e y 


r = 0.0332 


= 0.0116 


'La 


rc|_^=- 0.0503 
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FIG.  A-3.  FORWARD  FOIL  LIFT  COEFFICIENT  AT  21.5  KNOTS  AND 
TWO  DEGREES  TRIM 


FIG.A-4.  FORWARD  FOIL  LIFT  COEFFICIENT  AT  17  KNOTS  AND 
TWO  DEGREES  TRIM 


NOTE:  THIS  RELATIONSHIP  SHOULD 
BE  USED  ONLY  FOR  THE  RANGE 
OF  PARAMETERS  IN  TABLE  A-2. 


FIG.A-9.  WAVE-INDUCED  DOWNWASH  FUNCTION 
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FIG.  A-IO.  AFT  FOIL  DRAG  COEFFICIENT  AT  35  KNOTS  AND  ZERO  TRIM 


FIG.  A-l  I.  AFT  FOIL  DRAG  COEFFICIENT  AT  21.5  KNOTS  AND  ZERO  TRIM 
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FI6.A-I2.  AFT  FOIL  DRAG  COEFFICIENT  AT  21.5  KNOTS  AND  2®TRIM 
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F16.A-I3.  AFT  FOIL  DRAG  COEFFICIENT  AT  17  KNOTS  AND  2*  TRIM 

53< 


f 


SPEED 

MEAS.  KNOTS  F*  LEAST  SQUARE  FIT 

▲ 171  4.34 

• 19.2  5.49 


FIG.  A-14.  FORWARD  FOIL  LIFT  VERSUS  SEPARATION  AT  TWO  DEGREES  TRIM 


FIG.A-15.  AFT  FOIL  LIFT  VERSUS  SEPARATION  AT  TWO  DEGREES  TRIM 


FIG.  A-16.  AFT  FOIL  DRAG  VERSUS  SEPARATION  AT  TWO  DEGREES  TRIM 
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APPENDIX  B 
FOILBORNE  WAVE  TESTS 

The  scaled  model  of  the  proposed  hydrofoil  amphibious  lighter  which 
is  described  on  pages  5 and  6 was  towed  at  constant  speed  unrestrained  in 
pitch  and  heave,  and  with  the  automatic  height  controls,  in  calm  water 
and  in  waves.  Recordings  were  made  of  drag,  heave,  pitch,  heave  accelera- 
tion at  the  bow  and  vertical  acceleration  at  the  center  of  gravity,  for 
various  speeds  and  control  settings.  Tests  were  made  in  head  seas  and 
following  seas  representing  sea  state  2 for  the  full-scale  vehicle.  Both 
the  light  condition  and  the  design  load  condition  were  tested. 

The  test  results  are  summarized  in  Table  B-1.  For  each  run,  the  load 
configuration  is  indicated  as  well  as  the  null  position  of  each  main  flap, 
and  the  gain  of  each  flap  control  system.  The  measured  speed  is  indicated 
next,  then  the  averages  of  the  recorded  samples  for  the  drag  force,  heave 
displacement  at  the  center  of  gravity  and  the  pitch  angle.  The  root  mean 
square  (RMS)  signal  level  was  calculated  for  the  deviation  from  the  mean  of 
each  motion  signal,  for  those  runs  carried  out  in  waves. 

In  addition  to  foi Iborne  tests, a series  of  hullborne  runs  were  carried 
out  for  low  speed  in  calm  wa<-er  for  the  light  ship  condition.  (See  Runs  97 
through  113.)  The  forward  flaps  were  fixed  at  5 degrees  up,  which  is  the 
zero  lift  flap  angle  at  zero  trim.  The  aft  flaps  were  fixed  at  several 
values  as  indicated.  The  observed  mean  of  the  drag,  heave  and  trim  have 
been  plotted  for  these  runs  in  Figure  B-1.  It  is  seen  that  up  to  a speed 
of  8.5  knots,  there  is  no  effect  of  the  aft  flap  angle  on  any  results.  Be- 
tween 8.5  and  13  knots,  the  aft  flap  angle  begins  to  reduce  the  bow-down 
trimming  moment  but  heave  and  drag  are  still  uneffected.  As  speed  increases 
from  13  to  17  knots,  a bow-up  trim  develops  for  aft  flap  angles  of  zero  or 
less  and  drag  begins  to  drop  with  more  up-flap  aft.  Finally,  between  17  and 
21  knots,  the  heave  position  begins  to  rise,  the  bow-up  trim  increases  and 
substantial  reductions  in  drag  occur  with  increasing  up-flap  aft. 

The  observed  sinkage  with  increasing  speed  is  caused  by  suction  forces 
due  to  increased  water  velocities  passing  around  and  under  the  hull  while 
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the  bow-down  trim  develops  in  particular  due  to  suction  load  on  the  con- 
vex bow  sections.  At  speeds  below  8.5  knots,  insufficient  dynamic  lift 
is  developed  on  the  hydrofoils  to  overcome  these  suction  forces  and  mo- 
ments. These  results  would  change  little  even  if  the  forward  flaps  were 
full  down.  Between  8.5  and  13  knots,  the  pitching  moment  due  to  aft  flap 
angle  is  sufficient  for  dynamic  lifting  forces  to  begin  to  effect  trim, 
but  the  actual  lift  force  is  not  sufficient  to  change  the  downward  trend 
in  heave  displacement.  Also  In  these  speed  ranges,  the  contribution  to 
drag  from  increased  flap  angle  is  not  noticeable  due  to  the  much  higher 
drag  of  the  hull.  Up  to  17  knots,  the  hydrofoil  lift  due  to  trim  is  still 
insufficient  to  cause  a rise  in  the  heave  displacement.  However,  above 
17  knots  greater  lift  is  developed  due  to  greater  speed  as  well  as  greater 
bow-up  trim  so  that  the  heave  displacement  begins  to  rise  with  speed.  As 
less  of  the  weight  is  supported  by  the  hull  and  more  by  hydrofoil  lift, 
drag  increases  more  slowly  with  speed  and,  in  fact,  drag  falls  off  between 
17  and  21  knots  with  the  aft  flap  at  -5  degrees.  Take-off  speed  for  the 
model  corresponded  to  22  knots  full  scale. 

The  trends  observed  in  Figure  B-1  are  expected  to  be  the  same  for 
the  prototype.  However  since  the  maximum  lift  coefficient  for  the  model 
was  0.7  while  that  for  the  prototype  is  1.1  due  to  the  higher  Reynolds 
number,  the  observed  effects  of  flap  angle  on  heave,  trim  and  drag  will 
occur  at  lower  speeds.  Furthermore,  with  the  hull  in  the  displacement  mode, 
the  forward  height  sensors  will  call  for  full  flap  down  on  the  forward  foils 
which  will  increase  the  bow-up  trim  so  that  the  anticipated  maximum  lift 
coefficient  will  be  achieved.  Consequently,  take-off  speed  should  be  at 
17  knots  as  anticipated  for  the  prototype.  It  is  significant  that  with 
-5  degrees  of  flap  aft,  the  drag  maximum  shown  in  Figure  B-1  is  21  lb  at 
8 ft/sec  which  corresponds  to  a full-scale  power  of  2420  HP.  This  power 
requirement  will  be  reduced  by  (1)  additional  unloading  of  the  hull  by  means 
of  forward  flap  angle,  and  (2)  reduction  of  full-scale  drag  estimate  due  to 
scale  effect.  Consequently,  the  full-scale  installed  power  of  6400  HP 
should  be  more  than  sufficient  f'^r  take-off  requirements. 

The  take-off  characteristics  of  the  model  were  necessarily  different 
than  anticipated  for  the  prototype  because  (1)  the  model  take-off  speed  was 
higher  than  the  prototype  due  to  the  lower  maximum  lift  coefficient  noted 
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in  the  foregoing,  and  (2)  model  acceleration  to  test  speeds  were  con- 
siderably larger  than  for  the  prototype  due  to  the  limited  length  of  the 
towing  tank.  These  characteristics  lead  to  extreme  pitch  angles  as  the 
model  accelerated  through  its  take-off  speed  leading,  in  turn,  to  large 
transient  motions  as  the  model  entered  the  constant  speed  portion  of  the 
run.  Consequently,  the  model  height  control  system  was  required  to  damp 
out  rather  more  severe  initial  transients  in  comparison  to  full  scale, 
which  gave  a good  test  for  the  control  system. 

Many  of  the  runs  in  calm  water  exhibited  a long-period  lightly- 
damped  oscillation  in  pitch  and  heave  which  is  similar  to  the  phugoid  os- 
cillation of  aircraft.  Even  when  this  oscillation  was  stable,  the  long- 
period  often  led  to  sufficiently  large  transient  motions  so  that  the  hull 
re-entered  the  water  after  take-off.  In  some  instances,  hull  re-entry 
occurred  once  followed  by  a successful  flight  (e.g..  Run  133)  while  at 
other  times  hull  re-entry  occurred  several  times  followed  by  another  take- 
off attempt  (e.g..  Run  124).  In  several  cases,  the  slow  pitch-heave  oscil- 
lation was  of  smaller  amplitude  so  that  hull  re-entry  did  not  occur,  but 
the  decaying  oscillation  is  clearly  seen  in  the  recorded  motion  and  in  the 
movies  (e.g..  Runs  131,132,133).  In  waves,  there  is  some  indication  that 
this  pitch-heave  transient  can  also  be  excited  by  wave  impacts  on  the  bow. 
Comparing  Runs  32  and  31,  it  would  seem  that  the  phugoid  oscillation  can 
be  stabilized  by  decreasing  the  forward  control  gain.  Comparing  Runs  34 
and  35,  as  well  as  Runs  85  and  87,  indicates  that  this  response  can  be  sta- 
bilized by  increasing  the  mean  trim.  Another  type  of  pitch-heave  response 
occurred  in  Runs  56  and  58  where  a higher  frequency  oscillation  was  observed, 
probably  due  to  the  particular  combination  control  gain  settings.  These  ob- 
servations of  calm  water  responses  show  (1)  automatic  control  of  the  aft 
flaps  is  not  required  for  calm  water  operation  or  in  waves,  (2)  acceptable 
pitch-heave  dynamics  and  equilibrium  conditions  can  be  achieved  through 
appropriate  seclection  of  control  gain,  relative  position  between  control 
flap  anc'  strut  flap  and  fixed  aft  flap  angle,  and  (3)  a dynamic  analysis  of 
the  prototype  in  the  flying  condition  should  be  carried  out  to  estimate  the 
required  control  gains. 

In  order  to  demonstrate  the  model  response  characteristics  in  sea 
state  2,  Figures  B-2  through  B-8  have  been  prepared.  The  observed  mean 

57< 


B3 


R-1890 


drag  is  shown  in  Figure  B-2  versus  the  mean  heave  and  trim  conditions  in 
calm  water  while  the  observed  mean  drag  in  waves  is  shown  in  Figure  8-3. 

The  results  shown  near  the  design  mean  flying  height  and  near  one  degree 
mean  trim,  indicate  a mean  drag  increase  in  waves  of  about  14  percent  or 
less  over  the  calm  water  value  at  the  same  equilibrium  conditions.  Assum- 
ing that  power  is  proportional  to  the  cube  of  speed  in  the  flying  mode, 
the  corresponding  speed  loss  at  constant  power  would  be  4.4  percent  or 
1.3  knots.  Thus,  the  power  required  to  operate  at  30  knots  in  calm  water 
should  yield  an  average  speed  of  28.7  knots  in  sea  state  2,  flying  at  the 
design  mean  flying  height  and  one  degree  mean  trim  in  both  cases.  Con- 
sequently, the  anticipated  speed  of  32.5  knots  in  sea  state  2 using  the 
calm  water  power  for  35  knots  seems  quite  reasonable,  or  perhaps  even 
conservative. 

The  observed  rms  levels  of  the  wave  induced  responses,  extrapolated 
to  full  scale,  are  shown  below  based  on  Figures  8-4  through  8-8  for  30  knot 
operation  in  head  seas  flying  at  the  design  mean  flying  height  and  one  de- 
gree mean  trim. 


Response 

RMS 

Fi  gure 

Pi  tch 

0.55  deg 

8-4 

Heave 

0.16  ft 

8-5 

8ow  Acceleration 

0.2  g 

8-6 

CG  Acceleration 

0.12  g 

B-7 

Drag 

11,400  lb 

8-8 

Runs  35  and  59  are  the  two  points  from  Table  8-1  which  are  closest  to  zero 
mean  heave  and  one  degree  mean  trim  in  Figures  8-4  through  8-8.  The  riding 
comfort  in  the  pilot's  compartment  which  is  nearly  the  same  location  as  the 
bow  accelerometer  should  be  acceptable.  These  motion  levels  probably  can  be 
reduced  somewhat  by  appropriate  choice  of  control  gain  for  the  forward  flaps. 
In  any  case,  an  analysis  of  the  effect  of  control  gain  on  wave-induced  mo- 
tions should  be  carried  out  to  at  least  insure  that  the  control  is  not  in- 
creasing wave-induced  motions. 

The  design  load  condition  was  tested  in  calm  water  and  in  head  and 
following  seas  at  35  knots  as  shown  in  Runs  131  through  142  in  Table  8-1. 
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^cceptable  operation  is  demonstrated  in  Runs  138  and  139  for  calm  water 
and  for  head  seas,  respectively,  and  in  Runs  140  and  141  for  calm  water 
and  for  following  seas,  respectively.  The  light  ship  configuration 
tested  in  Runs  127  and  128  for  calm  water  and  head  seas  was  repeated  in 
Runs  143  and  144  for  calm  water  and  following  seas  indicating  acceptable 
operation  for  this  control  system  configuration. 

During  these  tests,  it  was  observed  that  significant  depressions 
are  created  in  the  free-surface  directly  above  the  hydrofoils,  caused  by 
the  suction  pressure  on  the  upper  surface.  These  depressions  are  greatest 
and  nearly  constant  between  the  struts  and  decrease  outboard  of  the  struts. 

With  the  propellers  directly  over  the  aft  hydrofoil,  the  depression  here 
will  be  augmented  by  acceleration  of  the  fluid  due  to  propeller  thrust. 

Consequently,  there  may  be  some  difficulty  in  maintaining  fully  wetted 
flow  at  the  propeller  blades  due  to  either  propeller  emersion  or  due  to 
ventilation.  It  would  appear  desirable  therefore  to  fly  with  some  trim 
angle  in  order  to  increase  the  local  water  depth  over  the  aft  hydrofoil. 

In  calm  water,  the  stern  of  the  hull  would  then  travel  in  the  depression 

created  by  the  aft  hydrofoil  and  propellers  and  would  be  clear  of  the  local 
water  surface.  In  waves,  the  stern  would  be  exposed  to  a greater  number  of 
wave  impacts  than  with  zero  mean  trim  so  that  some  additional  mean  drag  will 
be  developed.  However  at  zero  trim,  propeller  ventilation  and  the  attendant 
loss  of  thrust  would  probably  cause  a greater  speed  reduction  than  this  in- 
creased mean  drag. 

Finally,  it  should  be  noted  that  the  light  ship  and  design  load  con- 
dition were  successfully  operated  with  the  same  control  gain  for  the  for- 

ward flaps,  but  that  the  forward  flap  null  and  the  fixed  aft  flap  position 
were  changed.  Consequently,  in  subsequent  test  phases  for  the  proposed 
vehicle,  these  parameters  should  be  adjustable. 
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TABLE  B-l 


FOILBORNE  WAVE  TESTS 
MODEL  DATA  SUMMARY 


RHS  VALUES 


Stbd 

rwd 

Port 

r^d 

Stbd 

Aft 

Port 

Aft 

Hron 

He  .in 

Mean 

Bow 

CC 

Run 

Gain 

No 

G«ln 

‘fo 

C«ln 

No 

G«fn 

No 

Sprrd 

Drag 

He.ive 

PI  tch 

Pitch 

Heave  Accel 

Accel 

Drag 

Remerka 

d<*q 

df  9 

d«9 

d«9 

ft /sec 

lb 

( n 

deg 

d«g 

In 

9 

9 

lb 

LIGHT  LOAD 

- HEAD  SCAS 

73 

G.35 

II 

G.35 

II 

0 

G 

0 

G 

IG.OG 

Stable  run 

30 

0.9 

II 

l.l 

1 1 

0 

G 

0 

G 

IG.OG 

Stable  run 

)l 

0.9 

10 

f .1 

10 

0 

3 

0 

3 

IG.OG 

13.38 

-0.13 

0.073 

Stable  run 

32 

2.3 

10 

2.6 

10 

0 

3 

0 

3 

n.95 

27. GO 

1.03 

0.63 

Unstable  pitch  and  heave 

3) 

2.3 

10 

2.6 

10 

0 

3 

0 

3 

13.76 

25.11 

0.97 

1.17 

Unstable  pilch  and  heave 

3‘* 

0.9 

10 

1 . 1 

10 

0 

3 

0 

3 

1G.03 

23.63 

0.75 

0.60 

0.61 

0.66 

0.2G 

0.  13 

9.85 

Unstable  pitch  and  heave 

55 

0.9 

12 

1.1 

12 

0 

3 

0 

3 

IG.OG 

15.88 

-O.OG 

0.86 

0.52 

0.50 

0.19 

0.10 

5.02 

Stable  run 

36 

0.G5 

12 

0.5 

12 

0 

3 

0 

3 

IG.OG 

17.60 

-0.G2 

I.IG 

Stable  run 

37 

0.9 

13 

1.1 

1) 

0 

3 

0 

3 

IG.OG 

13.22 

-0.55 

0.9G 

Stable  run 

38 

0.9 

13 

1. 1 

13 

0 

3 

0 

3 

IG.OG 

IG.57 

-0.35 

0.97 

0.57 

0.5G 

0.19 

0.12 

3.71 

Stable  run 

39 

0.9 

13 

1 . 1 

13 

0.G5 

3 

0.5 

3 

IG.OG 

13.52 

-0.36 

M3 

Stable  run 

GO 

0.9 

13 

1.1 

13 

0.G5 

3 

0.5 

3 

13.99 

21. 8G 

0.28 

0.73 

0.58 

0.99 

0.22 

0.  IG 

10.77 

Flew  for  half  run  only 

Gl 

1.35 

13 

1.6 

13 

0.G5 

3 

0.5 

3 

IG.OG 

13.82 

-0.33 

1 .02 

Stable  run 

G2 

1.35 

13 

1.6 

13 

0.G5 

3 

0.5 

3 

13.95 

25. G7 

0.81 

0.61 

0.60 

0.77 

0.25 

0. 1 1 

12.09 

Flew  for  half  run  only 

G3 

1.35 

13 

1.6 

13 

O.GS 

3 

0.5 

3 

13.95 

31.67 

1.25 

0.50 

0.G5 

O.GG 

0.28 

0.12 

9.G2 

Flew  for  half  run  only 

GU 

I.B 

IJ 

2.1 

13 

0.G5 

3 

0.5 

3 

IG.OG 

13.95 

-0.25 

0.96 

Very  stable  run 

G5 

i.e 

13 

2.1 

13 

0.G5 

3 

0.5 

3 

13.95 

29.53 

1.21 

0.56 

O.GI 

0.38 

0.27 

0.13 

8.76 

Long-period  pitch-heave  oscll. 

G6 

1.8 

13 

2.1 

13 

0 

3 

0 

3 

IG.OG 

IG.63 

-0.08 

1.60 

Stable  run 

G7 

1.8 

13 

2,1 

13 

0 

3 

0 

3 

IG.OG 

16.31 

0.26 

1.59 

0.71 

O.GG 

0.26 

0.13 

G.88 

Stable  run 

Gfl 

1.8 

13 

2.1 

13 

0 

3 

0 

3 

IG.OG 

13.32 

-1.75 

2.53 

F ly Ing  high 

U9 

1,6 

13 

2.1 

13 

0 

3 

0 

3 

13. 9G 

23.56 

-2.56 

5.78 

0.72 

0.35 

0-39 

0.16 

G.88 

Planing  on  forward  foil 

50 

1.8 

7 

2.1 

7 

0 

3 

0 

3 

IG  .OG 

15.08 

•0.05 

1.91 

Stable  run 

5t 

1.8 

7 

2.1 

7 

0 

3 

0 

3 

13.97 

18.36 

0,2G 

1.95 

0.68 

0.G8 

0.27 

0.17 

5.19 

Stable  run  with  pitch-heave  oscll 

52 

1.6 

7 

2.1 

7 

0 

3 

0 

3 

IG.OG 

IG.52 

-0.31 

1.81 

Stable  run 

5) 

1.8 

7 

2.1 

7 

0 

3 

0 

3 

13.97 

21.66 

-2.30 

G.81 

1 .60 

0.92 

0.36 

0.16 

5.06 

Planing  on  forward  foil 

5G 

2.5 

7 

2.65 

7 

0 

3 

0 

3 

IG.OG 

1U.83 

-0.2G 

1.88 

Stable  run 

55 

2.3 

7 

2.65 

7 

0 

3 

0 

3 

13.95 

23.0) 

-2.6] 

5.60 

0.75 

O.GG 

0.38 

0. 16 

5.30 

Planing  on  forward  foil 

56 

2.3 

7 

2.65 

7 

0.25 

3 

0.25 

3 

IG.OG 

1G.33 

-0.32 

I.G2 

Stable  run  with  high  frequency 

pitch-heave  oscillation 

57 

2.3 

7 

2.65 

7 

C.25 

3 

0.25 

3 

IG.OG 

21.(1 

-2.90 

2.73 

1 .22 

0.88 

0.U7 

0.23 

3.G8 

Planing  on  forward  foil 

5B 

2.3 

7 

2.65 

7 

0.G5 

3 

0.5 

3 

IG.OG 

IG.22 

-0.)8 

1.30 

Stable  run  with  high  frequency 

pitch-heave  oscillation 

59 

2.3 

7 

2.65 

7 

0.65 

3 

0.5 

3 

IG.OO 

18.89 

0.1 1 

M9 

0.59 

0.55 

0.28 

0.17 

5.8) 

Stable  run 

60 

2.3 

7 

2.65 

7 

0 

20 

0 

20 

7.9G 

31. GO 

3.69 

-0.96 

No  tal-e-off 

61 

7.97 

25, 9G 

3.62 

0.33 

No  tate-off 

62 

2.3 

7 

2.65 

10 

0 

10 

0 

10 

7.96 

27.53 

3.55 

1.G? 

No  taVe-off 

63 

2.3 

7 

2.65 

10 

0 

0 

0 

0 

7.96 

25.50 

3.11 

G.G3 

No  t ake-of  f 

6G 

2.3 

7 

2.65 

10 

0 

-10 

0 

-IQ 

7.96 

26,61 

2.3G 

7.05 

No  take-off,  forward  height 

smsor  control  1 Ing 

65 

2.3 

7 

2.65 

10 

0 

-5 

0 

-5 

7.97 

23.78 

2.GI 

6.0G 

No  taVe-off 

66 

2.3 

7 

2.65 

10 

0 

-5 

0 

-5 

8.96 

23.03 

1.70 

6.3G 

Some  rise,  transom  dragging 

67 

2.3 

7 

2.65 

to 

0 

20 

0 

20 

8.50 

35,59 

3.G8 

-0.88 

No  take-off 

68 

2.3 

7 

2.65 

10 

0 

10 

0 

10 

8.66 

28.  18 

3.00 

2,GG 

No  take-off 

69 

2.3 

7 

2.65 

10 

0 

10 

0 

10 

6.85 

27.91 

2.81 

2.GG 

No  take-off 
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TABLE  B-1  (Cont'd) 


R*1S  VALUES 


Nun 

Stbd 

Cain 

Fwd 

^fo 

Pori 

Gain 

Fwd 

‘fo 

Stbd 

Gain 

Aft 

Port 

Gain 

AM 

No 

Speed 

Mean 

Drag 

He  an 
Heave 

Mean 

Pitch 

Pitch 

Heave 

Sow 

Accel 

CG 

Accel 

Drag 

Remark^ 

UOMT 

LOAD 

- HEAD  SfAS 

dP9 

d?9 

deg 

f 1 /ivc 

lb 

In 

deg 

deg 

in 

9 

9 

lb 

70 

2.3 

7 

2.65 

10 

0 

0 

0 

0 

9.03 

21.71 

1.61 

5.78 

Some  rise,  transom  dragging 

71 

2.3 

7 

2.65 

10 

0 

10 

0 

to 

10.03 

27.33 

2.29 

2.45 

No  take-off 

72 

2.3 

7 

2.65 

to 

0 

5 

0 

5 

to.o) 

18.33 

1.19 

4.26 

Flying  low.  transom  dragging 

73 

2.3 

7 

2.65 

10 

0 

0 

0 

0 

10. 0) 

20.17 

0.91 

5.92 

Flying  low,  transom  dragging 

7** 

2.3 

7 

2.65 

10 

0 

0 

0 

0 

11.03 

17.76 

-0.48 

5.72 

flying  with  stern  low 

75 

2.3 

7 

2.65 

10 

0 

5 

0 

5 

11.03 

16.20 

0.56 

3.60 

Flying  low 

76 

2.3 

7 

2.65 

10 

0 

10 

0 

10 

n.03 

25.61 

1.57 

I.B? 

Unstable  In  pitch  and  heave 

77 

2.3 

7 

2.65 

10 

0 

7.5 

0 

7.5 

10.03 

17.38 

1.28 

3.52 

Flying  low 

78 

2.3 

7 

2.65 

10 

0 

8.5 

0 

8.5 

10.03 

Unstable  In  pitch  and  heave 

79 

2.3 

7 

2.65 

10 

0 

0.5 

0 

8.5 

11.03 

Stable  run 

So 

2.3 

9 

2.65 

12 

0 

3.5 

0 

B.5 

11.03 

15.15 

0.16 

2.16 

Stable  run 

8) 

2.3 

7 

2.65 

10 

0 

8.5 

0 

8.5 

1 1 .03 

16.09 

0.55 

2.26 

Stable  run 

62 

2.3 

9 

2.65 

12 

0 

6.5 

0 

8.5 

1 1 .04 

19-04 

0 8l 

2.48 

0.71 

0.42 

0.22 

0.15 

4.0) 

Stable  run,  small  pitch-heave  oscll 

E} 

2.3 

9 

2.65 

12 

0 

8,5 

0 

8.5 

12.03 

14.53 

-0.39 

1.39 

Stable  run 

84 

2.3 

9 

2.65 

12 

0 

0.5 

0 

8.5 

12.03 

21.21 

0.46 

1.6) 

0.77 

0.63 

0.24 

0.14 

6.26 

Stable  run,  pitch-heave  oscM. 

85 

2.3 

9 

2.65 

12 

0 

8.5 

0 

8.5 

13.04 

21.36 

0.10 

0.35 

Hull  re-entry,  second  take-off 
and  stable  flying 

86 

2.3 

7 

2.65 

10 

0 

8.5 

0 

8.5 

13.04 

(6.12 

-0.05 

0.59 

n II  M II 

87 

2.3 

9 

2.65 

12 

0 

6.5 

0 

6.5 

13.04 

13.69 

-0.61 

1.34 

Stable  run 

68 

2.3 

9 

2.65 

12 

0 

6.5 

0 

6.5 

13.04 

22.01 

-1.77 

3.12 

1.52 

1.53 

0.34 

0.18 

4.92 

Planing  on  forward  fo1  1 during 
last  part  of  run 

89 

2.3 

7 

2.65 

7 

0 

3 

0 

3 

14.04 

13.34 

-1.35 

2.50 

Stable  run 

90 

2.3 

7 

'’.65 

7 

0 

3 

0 

3 

13.04 

14.71 

-0.41 

2.86 

Stable  run 

9) 

2.3 

7 

2.65 

7 

0 

3 

0 

3 

13.04 

23.99 

-2.55 

5.67 

0.99 

0.81 

0.36 

0.17 

4.26 

Planing  on  forward  foil 

92 

2.3 

5 

2.65 

5 

0 

3 

0 

3 

13.04 

15.51 

-0. 19 

3.01 

Stable  run 

93 

2.3 

5 

2.65 

5 

0 

3 

0 

3 

13.04 

24.17 

-2.61 

5.78 

0.95 

0.64 

0,30 

0.12 

4.26 

Planing  on  forward  foil 

9** 

0.9 

7 

l.l 

7 

0 

3 

0 

3 

13.04 

22.8) 

-2.90 

5.66 

planing  on  forward  foil 

95 

0.9 

7 

i.  1 

7 

0 

3 

0 

3 

14.04 

12.95 

-O.B) 

1.06 

Stable  run 

96 

0-9 

7 

1 . 1 

7 

0 

3 

0 

3 

13.04 

13.8) 

-0.44 

1 .69 

Stable  run 

37 

0 

-5 

0 

-5 

0 

0 

0 

0 

2.01 

0.81 

3.42 

-0.13 

98 

0 

-5 

0 

-5 

0 

0 

0 

0 

4.01 

3.92 

3.57 

-0.31 

99 

0 

-5 

0 

-5 

0 

0 

0 

0 

6.01 

11.43 

3.88 

-0.61 

100 

0 

-5 

0 

-5 

0 

0 

0 

0 

8.03 

22.92 

4.16 

0.41 

toi 

0 

-5 

0 

-5 

0 

0 

0 

0 

10.03 

26.35 

3.43 

2.22 

102 

0 

-5 

0 

•5 

0 

5 

0 

5 

2.01 

0.89 

3.40 

-0.02 

103 

0 

-5 

0 

-5 

0 

5 

0 

5 

4.01 

4. 11 

3.50 

-0.37 

105 

0 

-5 

0 

-5 

0 

5 

0 

5 

6.02 

11.57 

3.83 

-I.I6 

106 

0 

-5 

0 

-S 

0 

5 

0 

5 

6.0? 

11.52 

3.05 

-l.t? 

107 

0 

-5 

0 

-5 

0 

5 

0 

5 

8.02 

25.75 

4.29 

-1  . 10 

lofl 

0 

-5 

0 

■5 

0 

5 

0 

5 

10.03 

40.41 

4.17 

-0.65 

109 

0 

-5 

0 

-5 

0 

-5 

0 

-5 

6.0? 

M.57 

4.04 

•0.12 

no 

0 

-5 

0 

-5 

0 

-5 

0 

-5 

8.0? 

20.97 

4.17 

2.45 

III 

0 

-5 

0 

-5 

0 

-5 

0 

-5 

10.0) 

20.05 

2.77 

5.11 

112 

0 

-5 

0 

-5 

0 

-5 

0 

■5 

10.03 

19.95 

2.56 

5.19 

113 

0 

-5 

0 

-5 

0 

-to 

0 

-10 

6.02 

1 1 .8) 

).Bl 

0.50 

114 

0.9 

13 

1 . 1 

13 

0 

3 

0 

3 

14.0) 

29.71 

-2.90 

6.23 

Planing  on  forward  foil 
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TABLE  B-1  (Cont'd) 

RHS  VALUES 

Stbd  Fwd  Pori  Fwd  Stbd  Afl  Port  Aft  Me^n  Mean  Hcan  Bom  CC 


Run 

Gain 

‘fo 

Gain 

6c 

Gain 

6c 

Gain 

^fo 

Spend 

Draq 

Heave 

Pitch 

Pitch 

Heave 

Accel 

Accel 

Oraq 

Remarks 

L 1 r.HT 

LOAD 

drr 
- H( 

'ao  seas 

deg 

deej 

f t/tec 

lb 

In 

deg 

deq 

In 

9 

9 

lb 

■nr" 

7.3  ' 

T3 

7.65 

8.5 

0 

8.5 

0 

8.5 

1 1 .06 

26.06 

1.68 

1.79 

Unstable  In  pilch  and  heave 

1)6 

2.) 

12 

2.65 

12 

0 

8.5 

0 

8.5 

1 1 .06 

22.61 

1.06 

2.0) 

Unstable  In  pitch  and  heave 

117 

2.3 

12 

2.65 

12 

0 

5 

0 

5 

11.03 

l6.6o 

0.15 

3.13 

Stable  run 

M8 

2.3 

12 

2.65 

12 

0 

5 

0 

5 

11.03 

16.67 

0.05 

2.99 

0.82 

0.86 

0. 18 

O.ll 

6.26 

Good  run, hull  enters  water  once 
after  bow-wave  Impact 

M9 

2.) 

12 

2.65 

12 

0 

5 

0 

5 

12.0) 

16.0) 

-0.36 

1.99 

Stable  run 

UO 

2.3 

12 

2.65 

12 

0 

5 

0 

5 

12.03 

18.65 

-1.50 

3.67 

0.90 

1.05 

0.23 

0.10 

5.76 

Forward  foil  ventilates  near  start, 
flying  conC Inues 

U1 

2.3 

10 

2.65 

10 

0 

5 

0 

5 

12.03 

16.02 

-0.61 

1.86 

Stable  run 

122 

2.) 

10 

2.65 

10 

0 

5 

0 

5 

12.0) 

19.8) 

-1.16 

3.56 

1.02 

1.17 

0.25 

0.11 

5.19 

Forward  foil  ventilates  near  start, 
flyinq  re-es t ab 1 i shed 

123 

0.9 

13 

13 

0 

3 

0 

3 

16.06 

9.99 

-2.60 

3.96 

Stable  run,  sensor  out  of  water 

0.9 

6 

6 

0 

3 

0 

3 

16.06 

22.67 

0.8; 

1.27 

Unstable  in  pitch  and  heave 

125 

0.9 

6 

6 

0 

1 

0 

1 

16.06 

16.37 

-0.27 

2.26 

Stable  run 

126 

0.9 

6 

6 

0 

2 

0 

2 

16.06 

16.1) 

-0.16 

1.68 

Stable  run 

127 

0.9 

6 

6 

0 

3 

0 

3 

16.06 

16.31 

0.06 

1.07 

Stable  run 

128 

0.9 

6 

6 

0 

3 

0 

3 

16.06 

23.39 

-2.59 

5.21 

1.16 

0.59 

0.62 

0.20 

5.19 

Forward  foil  vent  1 lales, then  planes 

129 

0.9 

6 

6 

0 

3 

0 

3 

16.06 

72.21 

0.76 

1.26 

0.57 

0.68 

0.25 

0.15 

6.07 

Hull  re-enters  several  times  follow- 
ing bow-wave  impact 

130 

0.9 

5 

1 . 1 

5 

0 

3 

0 

3 

16.06 

18.76 

0.21 

1.66 

0.75 

0.80 

0.19 

0. 1 1 

6.10 

M II  •!  M M 

DESIGN  LOAD  - 

HEAD  SEAS 

IJf 

0.9 

6 

1.1 

6 

0 

3 

0 

3 

16.63 

23.60 

-1.23 

1.6) 

Stable  run 

132 

0.9 

7 

1 . 1 

7 

0 

6 

0 

6 

16.6) 

22.75 

-1.69 

1.66 

Stable  run 

13) 

0.9 

7 

1.) 

7 

0 

6 

0 

6 

16.65 

26.7) 

-0.85 

2.01 

Hit  trim  stop, hull  re-enters  once 
on  initial  pilch  undershoot 

136 

0.9 

7 

1 . 1 

7 

0 

6 

0 

6 

16.38 

60. 19 

-1.16 

6.66 

Hit  trim  stop. bow  foil  ventilates 
on  take-of f , f 1 les  with  bow  foil 
pi anni nq 

135 

0.9 

7 

1 . 1 

7 

0 

6 

0 

6 

16.62 

22.66 

-0.15 

1 .66 

Stable  run 

136 

0.9 

8 

1.) 

8 

0 

5 

0 

5 

16.66 

38.56 

-0.80 

3.72 

Hull  re-enters  on  Initial  pitch 
unde rshoot , f 1 i es  with  bow  foil 
planing 

1)7 

0.9 

7 

1.1 

7 

0 

5 

0 

5 

16.60 

63.06 

1.32 

0.90 

Hull  re-enters  several  limes 

1)8 

0.9 

7 

M 

7 

0 

6 

0 

6 

16.65 

22.77 

0. 19 

1.55 

SMble  run 

139 

0.9 

7 

1.1 

7 

0 

6 

0 

6 

16.66 

25.30 

0.6) 

1.53 

0.61 

0.31 

0.19 

0.12 

5.12 

Stable  run 

DESIGN  LOAD  - 

fOLLOWING  SEAS 

IbO 

0.9 

7 

1.) 

7 

0 

6 

0 

6 

16.00 

26.11 

0.07 

2.30 

Stable  run 

161 

0.9 

7 

1.) 

7 

0 

6 

0 

6 

16.50 

26.7) 

-0.57 

2.22 

0.60 

0.58 

0.12 

0.05 

6.77 

Stable  run, some  propeller  Immersion 

162 

0-9 

7 

1 . 1 

7 

0 

6 

0 

6 

16.62 

32.90 

-1.65 

6.56 

2.05 

1.22 

0.26 

0.1 1 

9.72 

Forward  foil  planing 

LIGHT  LOAD 

- fOlLOWING  SEAS 

16) 

0.9 

6 

1 . 1 

6 

0 

3 

0 

3 

16.08 

16.37 

1.23 

1.7) 

Stable  run(reprat  of  Run  127) 

166 

0.9 

6 

1 . 1 

6 

0 

3 

0 

3 

16.10 

16.61 

•0.19 

1 62 

0.77 

0.66 

0.10 

0.05 

3.22 

Stable  run,  slow  pitch  oscillation 

165 

2.3 

10 

2.65 

10 

0 

5 

0 

5 

12.09 

13.89 

-I.  tfl 

2.50 

Stable  run, flyinq  too  high  bnw  & stern 

1615 

2.3 

9 

2.65 

9 

0 

5 

0 

5 

12.09 

13.51 

-1.66 

2.58 



167 

2.3 

R 

2 65 

B 

0 

5 

0 

5 

12.08 

15.00 

-0.28 

2.6$ 

Stable  run, bow  a little  too  high 

168 

2.3 

B 

7.65 

8 

0 

6 

0 

6 

12.08 

13.90 

-0.27 

1 .62 

Sl.sbie  run 

169 

2.3 

8 

2.65 

8 

0 

6 

0 

6 

17.06 

forward  foil  ventilates  and  hull 
re-enters  several  times 

150 

2.3 

B 

2.65 

8 

1.2 

6 

1.3 

6 

12.02 

33.65 

1.33 

0.66 

0.55 

0 . 66 

0.08 

0.06 

6.78 

Did  not  fly 

151 

2.3 

10 

2.65 

10 

1.2 

6 

1.3 

6 

12.05 

20.51 

-0.10 

1.55 

0.85 

1.06 

0.13 

0.06 

8.51 

Flyinq  nrar  middle  of  run,  aft  foil 

vpnfMatr^,  hubhtc  wasbe<  off, 
•nodr  I f U rs  on 
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PROTOTYPE  SPEED  (KNOTS) 

FIG.B-I.  MEAN  TRIM,  HEAVE  AND  DRAG  OF  MODEL  AT  LOW 
SPEED  IN  CALM  WATER  FOR  LIGHT  SHIP  CONDITION 


MEAN  HEAVE  DISPLACEMENT  FROM  DESIGN  FLYING  HEIGHT  UN) 
DOWN  ^ UP  1 
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FIG.B-2. 


OBSERVED  DRAG  FOR  LIGHT  CONDITION  IN  CALM  WATER  AT 
14  FT/ SEC  (30  KNOTS  FULL  SCALE) 

ti4< 


» 


r 


HEAVE  DISPLACEMENT  FROM  DESIGN  FLYING  HEIGHT  (IN) 


NUMBERS  INDICATE  RMS 
DEVIATION  FROM  MEAN 
PITCH  ANGLE  IN  DEGREES 


1 

FIG.B-4 


OBSERVED  RMS  PITCH  RESPONSE  FOR  LIGHT  CONDITION  IN 
SEA  STATE  2 AT  14  FT/SEC  (30  KNOTS  FULL  SCALE  ) 
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OBSERVED  RMS  BOW  ACCELERATION  FOR  LIGHT  CONDITION 
IN  SEA  STATE  2 AT  14  FT/SEC  130  KNOTS  FULL  SCALE) 
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■NUMBERS  INDICATE  RMS 
ACCELERATION  AT  C6 
IN  G'S 


FI6.B-7.  OBSERVED  RMS  ACCELERATION  AT  THE  CG  FOR  LIGHT  SHIP 

CONDITION  IN  SEA  STATE  2 AT  14  FT/SEC  (30 KNOTS  FULL  SCALE) 


MEAN  HEAVE  DISPLACEMENT  FROM  DESIGN  FLYING  HEIGHT  (IN) 
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MEAN  TRIM  (DEG) 


6?  O 

4.9 


O O O 

o 9.8  e.i 

12.1 


NUMBERS  INDICATE  RMS 
DEVIATION  FROM  MEAN 
DRAG  IN  POUNDS 


OBSERVED  RMS  DEVIATION  IN  DRAG  FOR  LIGHT  SHI P CONDITION 
IN  SEA  STATE  2 AT  14  FT/ SEC  ( 30  KNOTS  FULL  SCALE) 
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APPENDIX  C 

STABILITY  AND  TURNING  TESTS 

Measurements  of  forward  side  force  S',  aft  side  force  s‘ , roll  moment 

r rt 

K,  drag  D',  heave  displacement  and  trim  were  obtained  for  the  model  in  the 
light  ship  and  design  load  condition  traveling  in  a circular  path,  over  a 
range  of  radius,  speed,  drift  angle,  roll  angle  and  rudder  angle.  A dia- 
gram showing  the  setup  and  the  sign  conventions  is  given  in  Figure  C-1 . 

The  test  results  are  listed  in  Tables  C-1  through  C-8. 

Tests  were  carried  out  at  three  radii,  R=10, 20,30  feet  as  shown  in 
the  Tables,  where  a negative  radius  is  used  to  indicate  turning  to  port  and 
positive  indicates  turning  to  starboard.  Thus,  the  turning  rate  w about 
a vertical  earth-fixed  axis  is  given  by 

w = V/R  i 

where  V is  the  resultant  speed  of  the  model.  Values  of  speed  V,  drift  | 

angle  roll  angle  cp  and  rudder  angle 
following  ranges  and  increments: 

1.5  V ^5-0  ft/sec 
-5.  ^ 0Q  ^ ^5.  deg  (starboard  turn) 

-15  s s 5.  deg  (port  turn) 

-5.^9  ^ 5.  deg 
-20  ^ 6 ^ 20.  deg 

The  speed  indicated  in  Tables  C-1  through  C-8  is  the  observed  speed  obtained 
by  measuring  the  time  to  travel  a known  distance  during  each  run.  The  maxi- 
mum available  rudder  angle  is  about  22  degrees  where  the  rudder  hits  the 
ventilation  plates  over  the  inboard  propellers.  Use  of  a randomly  selected 
matrix  of  test  conditions  has  the  advantage  of  covering  this  four-dimensional 

space  with  fewer  total  number  of  tests  than  a systematic  test  matrix,  but  has 

% 

the  disadvantage  that  the  results  cannot  be  plotted  in  any  reasonable  fashion. 


6 were  chosen  at  random  over  the 

^V  = 0.10  ft/sec 
I AB  = I . deg 

Acp  = 1 . deg 
A6  = 2.  deg 
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Certain  test  conditions  were  repeated  periodically  as  indicated  in  the  last 
column  of  Tables  C-1  through  C-8  where  the  value  0 indicates  the  run  is 
not  a repeat  run  while  a value  j^O  indicates  the  run  belongs  to  the  j 
replicate  set.  These  runs  provide  additional  means  of  judging  measurement 
error  statistics  as  well  as  goodness  of  fit  in  the  least  squared  error 
curve  fitting  procedure.  The  estimated  standard  deviation  of  measurement 
error  based  on  repeat  runs  is  shown  in  the  following  table  for  each  meas- 
ured force  and  moment: 


STANDARD  DEVIATIONS 


Light  Ship 

Des i gn  Load 

(lb) 

0,0500 

0,0783 

s;  (lb) 

0.0565 

0.0904 

K (ft  lb) 

0.531 

0.231 

D'  (lb) 

0.231 

0.203 

These  measurement  error  statistics  are  consistent  with  expectations  based 
on  experience  with  the  instrumentation  and  procedures. 

The  least  squared  error  curve  fitting  technique  was  used  to  find 
mathematical  representations  of  the  measured  forces  and  moments  in  terms 
of  V,  UJ,  cp  and  6.  The  results  of  this  data  analysis  are  shown  in 
Tables  C-9  through  C-l6.  The  procedure  used  in  applying  the  least  squared 
error  technique  is  described  by  the  following  steps  for  each  force  or  mo- 
ment : 

1)  The  given  data  were  scanned  for  obviously  erroneous  points. 

2)  An  initial  fit  was  obtained  using  all  remaining  data  points  to- 
gether with  those  first  and  second-order  terms  consistent  with  physical 
symmetry  as  follows: 

Sp,  and  K:  1 ,uJ,8o.9»6,Vuj,V0Q,Vcp,V6 

D':  l,V,V^UJ^^^cp^6^ 

where  V = V-V  , V = 3.25  ft/sec. 
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3)  The  data  set  was  again  scanned  and  data  points  whose  error  between 
measured  values  and  values  predicted  by  the  initial  fitting  functions  was 
inconsistently  large,  where  deleted. 

4)  Steps  2 and  3 were  repeated  until  the  error  distribution  passed 
the  Chi-Squared  test  of  normality  at  the  95  percent  confidence  level. 

5)  After  obtaining  a trial  fit,  additional  terms  were  tested  up  to 
fifth  order  to  find  terms  whose  correlation  with  the  error  indicated  possi- 
ble significant  dependence. 

6)  One  or  two  terms  with  high  correlation  were  added  while  terms  with 
low  values  of  the  Student's-t  statistic  for  the  corresponding  coefficient 
were  dropped  and  a new  trial  fit  was  calcuiated. 

7)  Steps  5 and  6 were  repeated  until  one  or  both  of  the  following 
conditions  were  satisfied: 

a)  Error  correlation  with  the  dependent  variable  was  less  than 
6 percent. 

b)  The  hypothesis  that  the  residual  error  variance  was  not 
significantly  larger  than  the  measurement  error  variance 
obtained  from  repeat  runs,  passed  the  F-test  at  95  percent 
confidence  level. 

The  observed  values  of  side  forces  and  drag  (designated  by  a prime) 
were  composed  of  the  desired  hydrodynamic  values  (unp rimed  symbols)  plus 
centrifugal  force  effects,  such  that 

W 


”c 


D'  =D  + — (wVsinP 
g o 


(C-1) 


In  order  to  evaluate  the  centrifugal  force  terms,  a series  of  runs  were 
conducted  with  the  model  raised  above  water  with  8^=0,  where  it  was  assumed 
that  Sp=S^=D  = 0 . Then  in  terms  of  the  observed  forces,  the  values  of 
Wj.  and  Xj,  are  given  by 


C3 


73' 


R-1890 


W = - 5i£  (gi  + cn 

where  Xp  = -x^  = 2.5  feet.  Averaged  values  of  these  parameters  from  the 
runs  in  air  are  shown  in  the  following  table: 


Light  Ship 

Oesign  Load 

W(,  (lb) 

212 

295 

Xc  (ft) 

-0.04 

+0.02 

The  hydrodynamic  contributions  to  side  forces  and  drag  can  then  be  found 
from  Eq. (C-1)  as 

S_  - S'  + -J  — VuJcosp  = S'  + S,., 

F F \Xp-  x^/  g o F FC 

X - X VJ 

Sfl  = S ' + [— -j  ~ Vu)Cos3  = Si  + S„, 

A A \Xp-  x^/  g o A AC 


0 = 0'  — Vu)s  i n0 

9 o 


= O'  - 0, 


These  corrections  were  made  after  the  least  squares  fitting  procedure  by 
expanding  each  correction  term  in  a Taylor  Series  Expansion  at  the  point 
(V,a),3^,cp,6)  = (V^, 0,0, 0,0)  where  V^=  3.25  ft/sec,  as  in  the  fitting  func- 
tions. These  expansions  take  the  forms 

W,  r , 3_  2 , . 2 , 3 4 


=FC-  r -i  “0457:3/-  i ■•■} 

= 10.53uh-3.24Vu)-. 001  6O23uj3^-.OOO49348vu302+. 40736x1 0'^oup^  (Light  Ship) 

= 1 5 . 0 1 uw-4 . 62V0)- . 0022846(1)3^- . 00070367Vu)3^+ . 57995x  1 0"^u)3^  ( Oes  i gn  Load) 
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^AC-  r - 1 ''o»v5fe)‘-  T k ''okskr/^  •••} 


3 ■ 4 


= 1 0.87UH-3.34VUU-. 001 657 !uj3q-.00050932Vuu3^+. 42035x1  0"^u)3q  (Light  Ship) 

= 14 . 77u>f4 . 54Vu)- . 002248 1 iu3q 00069 1 48vuj3^^+. 5 7O67xlO"^u;0^  ( Oes  i gn  Load) 


= — i V u) 
g L o 


= .37350o)3q+  .11484vu)3^-  . 18980x1  0'^uo3^  - .58323xlO"^Vu)0^  (Light  Ship) 

= .52011u«^+  .15987VaeQ-  .26370x10“%^  - .81  184x1  0"^V(ju3q  (Design  Load) 

The  correction  coefficients  and  the  resulting  corrected  coefficients  are  shown 
in  Tables  C-9  through  C-l6.  In  addition,  terms  used  in  fitting  the  data  which 
do  not  have  the  desired  symmetry  were  set  equal  to  zero  in  the  corrected  coef- 
ficients. The  final  equations  used  in  the  following  analyses  are  listed  at  the 
bottom  of  each  table. 


Low  Speed  Turning  and  Stability 


Turning  equilibrium  conditions  and  the  dynamic  stability  of  these  condi- 
tions can  be  obtained  from  the  equations  of  motion.  Using  the  coordinate  system 
shown  in  Figure  C-1  and  neglecting  surge,  heave,  roll  and  pitch  motions  yields 
equations  of  motion  in  side-sway  and  yaw  in  the  form 


m(>>  + ru)  = Y (u,  V,  r , 6,  V,  r) 
Ij,/  = N(  - ) 


(C-2) 


For  calculating  turning  equilibrium  conditions,  take  v=r=0  and  let  u=Vcos3  , 
v=Vsin0^,  r=uj,  so  that  Eqs.(C-2)  become 

Y(Vcos3„,Vsin3  ,uj,6,0,0)  - mu)Vcos3  = 0 
o o o 


In  terms  of  the  corrected  side  forces  S^(V.d',3  ,cp,6)  and  S.  (V,ou,3  ,tp,6),  the 

r O A O 

side  force  and  yaw  moment  are  given  by 
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Y = Sp(V,u),e^,0,6)  + S^(V.a),e^,0,6) 

» - Vf<  " > * Va<  " > 

Combining  equations  (C-3)  and  (C-4)  gives 

Sp(V,iu,0^,O,6)  + S^(V,u),3^,0,6)  - mu)  VcosP^  = 0 

XfSf(  '•  ) t x^S^(  '•  ) = 0 


(C-4) 


(C-5) 


By  specifying  speed  V and  rudder  angle  6 . Eqs.(C-5)  become  two  non-linear 
algebraic  equations  for  determining  the  drift  angle  3^  and  turning  rate  u; 
for  an  equilibrium  turn. 


If  the  resulting  equilibrium  condition  is  stable  then  the  yaw  rate  r 
and  the  drift  angle  arctan(-v/u)  will  return  to  the  respective  equilibrium 
values  u)  and  3^  after  a small  perturbation.  This  dynamic  stability  can 
be  found  from  the  equations  of  motion  by  assuming  small  perturbations  v and 
r from  the  equilibrium  state,  i.e., 


u = Vcos3  u = 0 

o 

v=Vsin3  +v  v=v 

o 

r = u)+r  r=r 

6 = 6„  6=0 


The  equations  of  motion  then  become 


)|v+  (uH-r)Vcos3  i=Y  + Yv  + Yr  + Y.v  + Y.r 
L oj  o V r V r 


1 r 
zz 


=N  +Nv+Nr+  N»v  + N-r 
o V r V r 


(C-6) 


where  the  side  force  and  vaw  moment  have  been  expanded  in  a Taylor  Series 
about  the  equilibrium  condition,  thus 


Y = mu)  Vcos3 
o o 


and,  for  example. 


^v  " ^ Y(u,v,r,6,v,r) 


= 0 

u=Vcos3o 

, 6=6, 

v=Vsin3Q 

< • 

o 

r=uj 

II 

o 
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The  coefficients  Y^,  Y^,  N^,  can  be  found  from  Eqs.(C-4)  since 

57  ■ Iv  ■ sr 

o 


1.  = 

dr  5iu 


thus, 


’'v  = -(SfVo*  -^W 


Y = S,-  + S„ 

r FuJq  Auuq 


(C-7) 


"v  - -(XpSFVo*  -(''fSfBo*  ’‘a5a0„>''“=»o 


N-  = + X S. 

r F FuJq  a Au)q 

The  added  inertial  coefficients  Y*,Y«,N»,N«  were  estimated  as  follows.  It 

V r V r 

was  assumed  that  contributions  from  the  struts  and  from  the  hull  were  simply 
additive.  The  added  mass  of  the  struts  was  taken  as 

>|C^  +(c/2)  = 

where  Q is  the  strut  length  and  c is  the  strut  chord.  The  contribution 
to  Y^  due  to  the  struts  is  then  -km'  while  the  contribution  to  Y^^  and 
N-  is  -2m'(x,,_+  x,,^)  where  x,,_  and  x,,.  are  the  locations  of  the  struts 
with  respect  to  the  CG,  positive  forward.  The  contribution  to  is 

-2m' (x^  1-  x^  ) . The  added  mass  of  the  hull  in  side-sway  was  estimated  from 
References  at  zero  frequency  which  gives  a contribution  of  -0.33p¥  for  the 
light  ship  condition  and  -0.46p¥-  for  the  design  load  condition.  The  con- 
tribution of  the  hull  to  was  estimated  by  assuming  that  the  added  mass 

Y^  due  to  the  hull  was  uniformly  distributed  over  the  length  of  the  hull  so 


The  resulting  values  are  shown  in  the  following  table. 
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Struts 

LIGHT  SHIP 
Hull 

Total 

Struts 

DESIGN  LOAD 
Hull 

Tota  1 

Y. 

V 

(lb 

sec^/f t) 

-0.41 

-1.25 

-1.66 

-0.41 

-2.68 

-3.09 

V 

(lb 

sec^) 

-0.16 

0 

-0.16 

-0.20 

0 

-0.20 

N. 

V 

(lb 

sec^) 

-0.16 

0 

-0.16 

-0.20 

0 

-0.20 

(ft 

lb  sec^) 

-1 .28 

-3.84 

-5.12 

-1.32 

-8.24 

-9.56 

The  equations  of  motion  can  now  be  written  in  the  form 


✓ > 

✓ ^ 

• 

• 

V 

= F 

V 

• 

? 

? 

where 


M = 

m-Y . 

V 

-Y. 

r 

. F = 

y 

Y 

V 

Y -mVcosP 
r o 

-N. 

V 

1 -N. 

zz  r 

y 

N 

V 

k. 

and  the  eigenvalues  of  this  linear  system  are  given  by  the  roots  of  the 
characteristic  equation 

p(x)  = = 0 . 

The  system  is  stable  if  the  real  parts  of  all  eigenvalues  are  negative. 
Furthermore,  the  magnitude  of  the  real  part  of  the  eigenvalues  give  a quanti- 
tative measure  of  dynamic  stability  at  the  equilibrium  condition. 

The  turning  equilibrium  conditions  and  the  least  stable  stability  index 
are  listed  in  Table  C-17  for  the  light  ship  condition  and  in  Table  C-l8  for 
the  design  load  condition.  It  is  seen  that  the  turning  radius  is  unaccept- 
ably large  for  both  load  conditions.  At  the  same  time  the  stability  indices 
are  very  large,  for  example,  in  the  light  ship  condition  at  a model  speed  of 
3.0  ft/sec  with  a rudder  angle  of  -20  degrees,  the  response  to  a small  per- 
turbation will  be  reduced  to  e ' times  the  initial  value  in  3.^  seconds 
(1/a.).  It  is  also  noted  that  the  drift  angles  are  small.  In  order  to  ex- 
plain these  results,  the  hydrodynamic  derivatives  were  calculated  and  listed 
in  Tables  C-17  and  C-l8.  These  results  show  that  the  large  negative  values 
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of  lead  to  large  stabilizing  yaw  moments  tending  to  make  the  vehicles 

follow  a straight  course  and  that  the  rudder  moment  is  insufficient  to  de- 
velop large  drift  angles  as  required  for  reasonable  turning  characteristics. 

In  order  to  improve  the  predicted  turning  characteristics,  the  follow- 
ing series  of  calculations  were  carried  out.  First,  the  rudder  angle  de- 
pendent terms  in  the  least  squares  fits  were  checked  against  empirically 
estimated  values  and  new  turning  equilibrium  and  stability  calculations  were 
carried  out.  Secondly,  the  rudder  geometry  was  changed  to  one  having  the 
same  dimensions  as  the  main  struts  (extending  from  hull  to  foils)  and  the 
corresponding  turning  and  stability  calculations  were  repeated.  The  results 
of  these  calculations  are  also  shown  in  Tables  C-l7  and  C-l8.  It  is  seen 
that  considerable  improvement  in  turning  characteristics  is  obtained,  with 
no  significant  change  in  stability.  The  improvement  in  turning  character- 
istics is  due  to  the  increased  rudder  force  rates  in  these  calculations. 

The  empirical  estimate  of  the  rudder  force  rate  was  obtained  by  taking 
the  rudder  lift  equal  to 


where 


= resultant  inflow  speed  at  rudder 

S_  = rudder  side  area 
K 

C = rudder  lift  curve  slope 


= angle  of  attack  at  rudder 


Thus, 


2 = 


= V - 2x-u;s  i n0  + x„  uu*' 


, Vs  i n3 

“r  -‘r  ^ L 'VcosB^  J 


Thus,  the  side  force  due  to  the  rudder  is  given  by 


VsinS  -x„u)  , 


^ = 2 arctan^...  (C-8) 
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and  the  corresponding  contributions  to  the  fore  and  aft  side  forces  are 


•X,  - X 


^FR“  " Ixp-  x^^  '^R  ^AR  ^Xj.-  xj  ^R 

The  lift  curve  slope  for  the  proposed  rudder  was  estimated  from 
2nA„ 


(C-9) 


'LoR 


where  the  aspect  ratio  A was  taken  as  twice  the  geometric  aspect  ratio 

R 

due  to  the  end  plate  effect  of  the  hull.  The  lift  curve  slope  and  area  for 
the  model  are  then 

= 0.04805/dec  and  S„  = 0.10938  ft^ 

LOrK  R 

Differentiating  Eqs.(C-9)  and  (C-8)  with  respect  to  6 and  V6  and  evalu- 
ating the  results  at  the  Taylor  Series  Expansion  point  leads  to 

= 0.005496  Ib/deg  = 0.04946  Ib/deg 

^FRV6  ~ 0-003382  lb  sec/ft  deg  0.03044  lb  sec/ft  deg 

Other  terms  in  Sp  and  will  also  be  effected  by  the  rudder;  however, 

these  effects  were  ignored  because  the  struts  and  hull  contributions  are 
more  significant  and  because  the  corrections  are  not  straight-forward.  Com- 
paring the  above  values  with  the  corresponding  terms  (coefficients  of  6 and 
V6)  listed  in  Tables  C-9,  C-10,  C-13  and  C-14,  it  is  seen  that  the  least 
squares  fit  values  are  significantly  different.  These  discrepancies  may  be 
due  to  (a)  the  low  Reynolds  number  of  the  model  as  described  in  Appendix  A, 
or  (b)  the  effect  of  the  adjacent  skegs  and  ventilation  plates.  If  the  dis- 
crepancy is  due  to  (a),  then  the  full-scale  rudder  forces  are  expected  to  be 
close  to  the  above  empirical  estimates.  However,  if  the  discrepancy  is  due 
to  (b) , then  the  least  squares  fit  results  should  represent  prototype  charac- 
teristics. In  either  case  the  calculated  turning  characteristics  shown  in 
Tables  C-17  and  C-l8  are  not  acceptable,  although  the  larger  estimated  rud- 
der characteristics  do  yield  some  improvement. 

Further  improvement  was  obtained  by  taking  a rudder  geometry  identical 
to  that  of  the  main  struts.  Since  this  rudder  extends  from  hull  to  foils, 
its  lift  curve  slope  was  taken  as  the  two-dimensional  value  of  2n/radian, 

NO- 


CIO 


R-1890 


which  leads  to 

= 0.01972  Ib/deg  = 0.17748  Ib/deg 

^FRV6~  ^-*^'2136  1b  sec/ft  deg  0.10922  lb  sec/ft  deg 


The  predicted  turning  characteristics  using  this  rudder  geometry  are  shown 
in  Tables  C-17  and  C-18.  The  turning  circle  diameter  for  the  speed  range  of 
3 to  10  knots  (full  scale)  varies  from  6.8  lengths  to  15.4  lengths.  Further- 
more, the  turning  radius  approaching  the  higher  test  speed  range  ij  increas- 
ing with  speed  so  that  turning  characteristics  between  10  knots  and  take-off 
speed  may  be  poor.  Finally,  these  estimates  do  not  include  the  stabilizing 
'effect  of  the  increased  rudder  force  rate  on  Y and  N and  therefore  may 
be  unconservative.  Consequently,  the  single  aft  rudder  configuration  does 
not  appear  to  give  acceptable  turning  characteristics. 

Two  alternative  design  modifications  arc  easily  available  to  improve 
turning  performance.  First,  a bow  rudder  can  be  added  at  the  forward  foils 
for  example,  or  second  steering  can  be  accomplished  with  control  flaps  on 
the  aft  struts  or  on  all  four  struts.  Of  these  the  second  alternative  is 
thought  to  be  more  fruitful  since  the  large  side  force  rate  of  the  struts  then 
is  utilized  in  directional  control  as  well  as  directional  stability.  In  order 
to  demonstrate  the  effectiveness  of  strut  flaps,  turning  characteristics  were 
predicted  for  a simplified  physical  model.  It  was  assumed  that  (a)  side 
forces  and  yaw  moments  were  due  to  struts  only,  i.e.,  contributions  from  hull 
and  appendages  were  neglected,  (b)  added  mass  and  inertia  were  neglected  in 
the  stability  calculations,  and  (c)  the  linearized  equations  of  motion  were 
used.  With  these  approximations,  the  equations  of  motion  in  side-sway  and 
yaw  become 


mv  = 


Y^v  +(Y^  - mu)r  + Ygp6p  + Y 
^ ^ ^6f'f  ^ ^6A^A 


6A^A 


(C-10) 


where  6p  and  6^  are  the  flap  deflections  of  the  forward  and  aft  flaps, 
respectively.  The  predicted  turning  characteristics  are  obtained  by  setting 
V = f = 0 and  solving  Eqs.(C-lO)  for  r and  v which  leads  to 


Cl  1 


N1 
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R = r 


u I Y N -N  Y + N mu 
L V r V r v j 


(C-11) 


p _ V ^^^6fV  ^A^-(^r- 

The  characteristic  equation  for  the  system  described  by  Eqs.(C-lO)  is  given 
by 

P(\)  = \-Y  /m  -Y  /m  + u 
V r 

-N  /I  >t-N  /I 

V zz  r zz 


which  gives  eigenvalues  in  the  form 


Yl  +Nm  ^Yl  +Nm2  YN-NY+Nmu 
X - I ^ ''  , ( V zz  r , V r v r v 

l,2N2ml  2m  1 / ml 

zz  zz  zz 


(C-12) 


For  any  fin  i , the  contribution  to  side  force  and  yaw  moment  is  given 


Y.  = ^ pV.^A.C,  . , N.  = x.Y. 

I 2 I I L I I II 


(C-13) 


where 


Vj  = (u-y. r)^+(v+x. r)' 


v+x.  i ■ 

C,  “ i k.6.-arctan  I —j  \ 

L.  Lof'  1_  I I Vu-y.r/J 


= side  area 


= point  of  application  of  side  force 
= lift  curve  slope 
= flap  effectiveness  coefficient 
= flap  angle 


Differentiating  Eq.(C-13)  yields  the  contribution  of  the  i fin  to  the 
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hydrodynamic  derivatives  in  the  form 


Yc- 
6 1 

- 2 

6i 

Y . 

= - t Y.. 

Y . 

= - - x.Y 

VI 

u 6 1 

r 1 

U 1 

N 

= Y . 

N . 

1 3 

= - — X . 

V 1 

r 1 

r 1 

U 1 

The  hydrodynamic  derivatives  are  then  obtained  by  summing  these  results  over 
all  fins  for  any  configuration. 

The  first  configuration  analyzed  consisted  of  four  fixed  struts  and  a 
rudder  with  geometry  of  the  proposed  rudder.  This  configuration  was  studied 
to  provide  a point  of  comparison  for  illustrating  the  improvement  in  turning 
characteristics  for  other  configurations.  The  input  parameters  for  this  case 
are 

i = 1,2, 3, 4:  fixed  struts 

i = 5 : rudder 

,0.17188  ft®;  i = 1,2, 3, 4 

^i  ""  to. 10938  ft^;  i = 5 

,2TT/rad  ; i = 1,2, 3, 4 
^Lai  " l2. 75331/rad;  i = 5 

k.  = 1;  i = 1,2, 3, 4, 5 


1.73 

ft 

i = 1,2 

-2.12 

ft; 

II 

-2.00 

ft; 

i = 5 

The  mass  m and  yaw  moment  of  intertia  were  taken  as  the  light  ship  mass 
and  pitch  moment  of  inertia  listed  in  Table  1.  The  predicted  directional 
stability  index  and  turning  characteristics  are  listed  in  Table  C-19,  where 
it  is  seen  that  these  results  for  this  simplified  configuration  are  reason- 
ably representative  of  the  results  listed  in  Table  C-17  using  the  estimated 
coefficients. 
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Equations  (C-1 1) , (C-1 2) , (C-13)  and  (C-1^)  were  next  applied  to  the  case 
of  four  fixed  struts  with  an  aft  rudder  extending  from  hull  to  foils,  using 
the  same  lift  curve  slope  and  area  for  the  rudder  as  for  the  struts.  The 
input  parameters  are  the  same  as  for  the  previous  case,  except 

= 0.17188  ft^ 

and 

2n/rad  (2-D  rudder) 


The  predicted  directional  stability  index  and  turning  characteristics  are 
listed  in  Table  C-19,  where  again  it  is  seen  that  these  results  for  the 
simplified  configuration  are  in  reasonable  agreement  with  corresponding  re- 
sults listed  in  Table  C-17.  Since  these  two  cases  are  in  reasonable  agree- 
ment with  the  more  reliable  results  in  Table  C-17,  it  is  felt  that  predicted 
trends  based  on  the  simplified  configuration  are  reliable. 

In  studying  the  effect  of  strut  flaps  for  directional  control,  it  was 
assumed  that  all  four  struts  were  of  identical  geometry,  that  the  strut 
lift  curve  slope  was  2TT/rad,  that  the  struts  were  located  as  in  the  proposed 
design,  and  that  the  flap  angle  forward  was  given  by 

In  this  case,  the  stability  index  and  turning  radius  reduce  to 


1,2  ^ 


pA  C,  ( x/+x  = 

_E L.£ 


m. 


2r 


3 . 3 9 

+ — — - 


(Xp-x^)^  m(x 


zz 


2r 


zz 


zz 
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P^s^Las' zz 


and 


'''a 

1 

m(Xj.+x^) 

"f  ■ ^A 

k(l+Cg) 

pA  C,  (x,--x 
s Laa'  F A' 

_ 59.96(deq) 
■ k(l+c^) 


Three  steering  configurations  were  considered: 

k 0.35  0.35  0.50 

c.  0 0.50  0.50 

0 


In  the  first  case,  only  the  aft  flaps  are  used  and  the  flap  effectiveness  is 

81- 
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0.35  which  is  a conservative  estimate  for  a 25  percent  flap.  The  second 
case  uses  the  same  flap  effectiveness  but  with  forward  rudder  angle  equal 
to  half  the  aft  value  and  in  the  opposite  direction.  Tie  final  case  uses 
the  same  flap  angle  ratio  but  the  flap  effectiveness  of  0.50  is  an  opti- 
mistic estimate  for  a 25  percent  flap.  The  resulting  stability  indices 
and  turning  characteristics  are  summarized  in  Table  C-19.  It  is  seen  that 
aft  steering  alone  with  a low  flap  effectiveness  is  somewhat  better  than 
steering  with  a 2-0  rudder  and  that  the  stability  index  is  considerably 
smaller,  but  still  quite  adequate.  Steering  with  fore  and  aft  flaps  gives 
further  improvement  and  finally  the  optimistic  flap  effectiveness  with 
steering  fore  and  aft  yields  very  acceptable  turning  characteristics. 

Since  these  trends  will  be  reduced  to  some  extent  by  the  stabilizing 
influence  of  the  skegs  and  hull,  it  is  recommended  that  steering  v i th  fore 
and  aft  flaps  be  investigated  further. 

Equations  (C-11)  and  (C-12)  were  also  used  to  predict  the  turning  radius 
and  directional  stability  for  foilborne  operation.  Steering  with  four  strut 
flaps  was  considered  for  which  the  hydrodynamic  derivatives  are  given  by 
Eqs.(C-14).  The  results  described  in  Reference  show  that  the  lift  curve 
slope  of  a surface-piercing  strut  at  high  Froude  number  is  the  same  as  that 
of  a wing  in  infinite  fluid  and  with  aspect  ratio  equal  to  the  geometric  sub- 
merged aspect  ratio  of  the  strut.  Thus,  the  lift  curve  slope  of  the  struts 
was  taken  as 


C 


Lai 


2Tr(^-x.  s i n9) 
c^+t-x . s i n0 


i = F,A 


and  the  submerged  strut  area  is  given  by 
Asi  = Cg(C-x.sine)  ; i = F,A 

where 

Q = foil  submergence  at  zero  trim 
c^  = strut  chord  length 


and  where  port  and  starboard  struts  are  assumed  to  be  the  same  submergence. 
Def i n i ng 
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the  hydrodynamic  derivatives  become 


— 

-pu(Cqp  + ( 

N =Y 
V r 

— 

-pu(XpCqF  ■ 

~ 

-pu(x=CqP  • 

^F 

= 

'^6F 

= 

pu^kx  C t- 
F qF 

^A 

= 

^A 

= 

The  turning  radius  from  Eq.(C-ll)  then  is  given  by 


R5^k(l+Cg) 


= 1 - 


^qA^A 

^qF^qA^^F-V'i 


and  the  eigenvalues  from  Eq.(C-I2)  become 

^J.2|V‘aI  '’^F-’^aI  /‘^qF*’'?  * '^oA^’^A  * 'lz> 


■ %F<’‘Kz)*':qA<-‘Mz)f  '^0F‘^aA(*’F-'‘A>°  ^ “<‘^aF'^F^‘^gA'‘A>- 

|L  „._2  J 2 2 . 


At  zero  trim,  C =C  . and  these  expressions  reduce  to  the  previous  ones  for 
qF  qA 

four  identical  struts.  Also  note  that  the  term  outside  the  square  root  above 
is  always  negative  so  that  the  directional  stability  boundary  is  given  by 


- I C ,-X^  + C .xj  “ C ,(x^-x.)^  = 0 
O'  \ qF  F qA  A/  qF  qA''  F A 


, -A'^aA 

Xpm/p  - 

The  craft  is  directionally  unstable  for  C^p  larger  than  that  given  by  this 
expression.  It  is  seen  that  if 
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the  craft  is  stable  for  all  values  of  C 

qF 

The  dimensionless  turning  radius  parameter  R'  and  the  directional 
stability  boundary  were  evaluated  for  the  light  ship  and  design  load  condi- 
tions in  the  foilborne  mode  using  strut  flaps  for  steering  and  no  rudder. 

The  results  are  shown  in  Figure  C-2,  where  the  directional  stability  boundary 
is  indicated  by  the  curve  with  cross-hatching  on  the  unstable  side.  It  is 
seen  that  there  is  a wide  range  of  trim  and  heave  conditions  for  stable 
operation.  The  actual  turning  radius  can  be  predicted  using  these  figures 
for  any  steering  design  combination.  For  example,  at  a trim  of  1°  bow-up 
with  a zero-trim  foil  submergence  of  0.3  feet,  the  dimensionless  turning 
parameter  is  R'=1.4l  for  light  ship  and  R'=1.63  for  design  load.  Using  the 
definition  of  R'  and  a flap  effectiveness  of  k=0.35  with  a steering  ratio 
Cg=  0.5,  the  turning  radii  are  found  to  be 

R * I X “X  I 

^ ^ k(T+c")'6~  (light  ship) 

6^  A 

= 34.2  feet  (design  load) 

for  a flap  angle  of  20  degrees  aft  and  10  degrees  forward.  Using  a larger 
flap  effectiveness  k=0.5,  the  turning  radii  become 

R = 20.7  feet  (light  ship) 

= 24.0  feet  (design  load) 

again  at  a fiap  angle  of  20  degrees  aft  and  10  degrees  forward.  With  larger 
flap  angles  forward  Cg=1.0,  the  turning  radii  become 

R = 15.6  feet  (light  ship) 

= l8.0  feet  (design  load) 

where  k=0.5  and  with  20  degrees  of  flap  angle  forward  and  aft.  These  values 
yield  a turning  diameter  of  about  six  vehicle  lengths  which  is  acceptable. 
Consequently,  it  would  appear  that  the  strut-flap  steering  should  be  studied 
further  in  order  to  insure  acceptable  turning  characteristics.  ^ 
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The  results  of  the  model  drag  force  analysis  shown  in  Table  C-16 
for  the  design  load  condition  with  wheels  down  were  used  to  estimate  proto- 
type drag  at  low  speeds,  as  shown  in  Table  C-20  and  Figure  C-3.  With 
u)=0Q  = cp  = O,  the  equation  given  in  Table  C-l6  for  model  drag  was  evaluated 
and  the  portion  of  drag  due  to  skin  friction  was  estimated  based  on  the 
Schoenherr  friction  coefficient.  The  model  speed  anu  residual  resistance 
were  scaled  up  to  prototype  values  and  the  prototype  skin  friction  resist- 
ance was  added  to  obtain  the  estimated  prototype  drag.  At  10.7  knots  the 
estimated  prototype  EHP  is  2450  HP  so  that  with  7200  HP  installed,  the 
prototype  with  wheels  down  and  full  load  should  be  capable  of  making  more 
than  1 1 knots . 
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- 6 . 

5. 

-20. 

-0. 307 

-0.034 

27 

- 30 

4.5  6 

0. 

4. 

-20. 

5.  540 

5.  405 

28 

-30 

3.97 

5. 

- 5. 

- 1 6. 

6.456 

6.  880 

30 

-30 

4.26 

— 6. 

-2. 

1 6. 

-0. 498 

-0.526 

31 

-30 

4.  1 9 

- 6. 

- 4. 

1 4. 

-0. 438 

-0. 500 

32 

- 3^ 

3-02 

-3. 

- 1 . 

1 5. 

1 . 1 99 

0.952 

33 

- 30 

4.  4R 

- 10. 

-2. 

1 6. 

-4.096 

-3.853 

34 

-30 

1.51 

3. 

- 3. 

1 4. 

0.887 

0.796 

36 

-30 

2.61 

-3. 

-2. 

1 4. 

1.007 

0.810 

37 

-30 

3.90 

-10. 

-3. 

- 1 8. 

-3.261 

-3.111 

38 

-30 

2.10 

- 5. 

- 5. 

1 6. 

0.313 

0.263 

39 

-30 

3 . 5?: 

4. 

1 . 

1 4. 

4.  709 

4.  909 

40 

-30 

3.00 

-3. 

- 1 . 

- 1 5. 

1.053 

0.9  60 

42 

-30 

2. 50 

-11. 

4. 

-20. 

- 1 . 586 

- 1 . 347 

43 

-30 

2.  ! 1 

- 6 . 

5. 

- 1 2. 

-0.1 19 

-0. 0 60 

/t/l 

-3H 

/.  6i? 

- 12. 

5. 

4. 

- 4.  71  2 

- 4. 773 

4 5 

-30 

3.  PI 

- 5. 

3. 

1 2. 

0. 258 

0.169 

46 

-30 

3. 90 

-11. 

5. 

- 1 8. 

-3.299 

-3.367 

4 7 

-30 

4.37 

5. 

- 4. 

- 1 4. 

8.085 

8.195 

48 

-30 

3.00 

-3. 

- 1 . 

- 1 5. 

1.018 

0.960 

49 

-30 

4.  50 

- 1 5. 

2. 

1 2. 

-8.090 

-7.919 

bO 

-30 

4.  79 

- 1 . 

- 1 . 

-18. 

4.  785 

4.  590 

1 26 

-20 

3.  90 

- 9. 

-2. 

-8. 

-0.916 

-0. 545 

1 29 

-20 

3.  41 

- 3. 

-2. 

-20. 

2.  6 62 

?.  532 

1 30 

-20 

2.  70 

0. 

- 5. 

12. 

2.808 

2.  466 

131 

- 20 

1 . 90 

*■  • 

- 1 . 

- 1 2. 

0 . 9 48 

0.923 

1 32 

-20 

4.00 

- p . 

1 . 

- 1 6. 

0.101 

0.222 

1 33 

-20 

1 . 80 

5. 

-3. 

10. 

1 . 546 

1 . 539 

1 34 

-20 

2.  50 

- 1 4. 

-2. 

1 4. 

-1.321 

-1.183 

135 

-20 

4.19 

-8. 

- 3. 

-20. 

0.098 

0.  1 02 

1 36 

-20 

3.00 

-3. 

- 1 . 

- 1 5. 

2.250 

1.966 

1 3 7 

-20 

3. 30 

1 . 

- 1 . 

- 1 P. 

4.  1 56 

4.114 

1 39 

-20 

2.  70 

- 5. 

4. 

4. 

0. 9P6 

0.  933 

1 39 

-20 

2. 70 

-11. 

3. 

20. 

-0.983 

-1.007 

^ > r A T 

St7 

0 

0 

0 

0 

0 

0 

0 

n 

0 

0 

1 
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TAPLE  C-  1 

STABILITY  AMD  TUK'MIML  RF.'^L'LT': 

'?IDE  FJPCE/  LIGHT  SHIP  CO'JDITIOM 


DP  1 FT 

ROLL 

RUDDER 

■MLApupED 

F I TTED 

REPEAT 

RLW 

9ADI  O'; 

SPEED 

a.mgle 

AMGLE 

AMGLE 

value 

VALUE 

RU.M 

FT 

F T/SEC 

DEG 

DEG 

DEG 

LB 

Lb 

SET 

1 AO 

- 20 

2.10 

- 10. 

3. 

- 1 6. 

-0.395 

-0. 1 67 

0 

1 .^1 

-20 

A . A 9 

- A. 

-3. 

-20. 

3.986 

3.  698 

0 

1 ^2 

-PO 

2.  60 

- 1 5. 

- 5. 

-10. 

- 1 . 557 

- 1 . 608 

0 

1 ^3 

-20 

A.  1 9 

-9. 

3. 

- A. 

- 0 . A A3 

-0.309 

0 

1 AA 

-20 

3.00 

- 3. 

- 1 . 

- 1 5. 

2. 2aa 

1.966 

A 

1 A5 

-20 

2.  AO 

- 7. 

5. 

1 Q. 

0.198 

0.266 

0 

1 A6 

-20 

3.  A9 

- 6 . 

- 2. 

- 1 2. 

1.153 

1.122 

0 

I ^7 

-20 

3. 50 

- 1 5. 

-3. 

-8. 

-3.515 

-3. 577 

0 

1 AS 

-20 

2.80 

- 6. 

-2. 

" 6 • 

1.0/5 

0.878 

0 

1 50 

-20 

2.20 

-2. 

2. 

1 . 233 

1 . 1 8A 

0 

101 

20 

A.  8 9 

0. 

-2. 

- 1 0. 

-8. 99A 

-S. 683 

0 

1 02 

20 

A.  1 9 

1 3. 

3. 

-20. 

A.  028 

A.  227 

0 

1 03 

20 

3.99 

8. 

5. 

- 10. 

-0. 002 

0.079 

0 

1 OA 

20 

3.00 

3. 

1 . 

1 5. 

- 2. 308 

-2.116 

3 

105 

20 

2. 90 

6> . 

5. 

10. 

- 1 .085 

-1.182 

0 

1 0 7 

20 

2.10 

- 5. 

- 3. 

10. 

-2.269 

-1.979 

0 

1 08 

20 

A.  A 9 

9. 

- 5. 

0. 

-0.026 

-0.006 

0 

1 09 

20 

2.  70 

- A . 

- A . 

-20. 

-3. 600 

-3. 556 

0 

1 10 

20 

3. 50 

0. 

1 . 

- A. 

- A.  3SA 

- A.  2A1 

0 

1 1 1 

20 

3.  AO 

1 A. 

3. 

- 6. 

2.  5S0 

2.  693 

0 

1 1 2 

20 

3.00 

3. 

1 . 

1 5. 

-2.371 

-2.116 

3 

1 I 3 

20 

3 . 20 

8. 

1 . 

20. 

-0.330 

-0.2A9 

0 

1 1 5 

20 

2.30 

6. 

2. 

1 6. 

-0.713 

-0. 782 

0 

1 1 6 

20 

3.  50 

6 . 

1 • 

1 A. 

- 1 .QA5 

- 1 . 292 

0 

1 1 7 

20 

2.80 

12. 

5. 

-8. 

0.  7 A9 

0.719 

0 

1 1 8 

20 

A.  99 

1 5. 

-3. 

20. 

5.  500 

5.  A30 

0 

1 1 9 

20 

A.  20 

1 5. 

1 . 

- 6 . 

5.05A 

A.  930 

0 

1 20 

20 

3.00 

3. 

1 . 

1 5. 

-2.312 

-2.116 

3 

1 21 

20 

3.19 

7. 

5. 

1 6. 

-0.  726 

-0.853 

0 

1 22 

20 

A.  1 9 

2. 

3. 

- A. 

- A.  hi  A 

-A.  6 1 A 

0 

1 23 

20 

3.79 

2. 

-3. 

- 1 0. 

-3. 652 

-3.852 

0 

1 2A 

20 

3.  70 

1 5. 

2. 

10. 

A.  OAR 

3.  9 58 

0 

1 25 

20 

3. 89 

- 5. 

A. 

-20. 

-8. 327 

-8.168 

0 

1 28 

-20 

3.01 

- 3. 

- 1 . 

- 1 5. 

2.113 

1 .978 

A 

203 

1 0 

2 . A9 

1 3. 

- 1 . 

-20. 

- 0 . 6’  A 7 

-Q. 72A 

0 

206 

1 0 

3. 68 

3. 

-3. 

8. 

- 7. 638 

-7.728 

0 

208 

1 0 

3.00 

3. 

1 . 

1 5. 

- A . 9 8 7 

- 5.  1 27 

8 

209 

1 0 

2.89 

- 5. 

-3. 

- 12. 

- 7.055 

-7.135 

0 

210 

1 0 

1 . 89 

- A. 

-2. 

- 1 8. 

-2.835 

- 2 . 7 5 A 

0 

21  1 

1 0 

3. 08 

5. 

- 5. 

- 10. 

- A.  63  5 

- A. 573 

0 

212 

1 0 

1.61 

-3. 

3. 

20* 

-1.855 

-1.852 

0 

213 

10 

1 . 51 

-2. 

0 . 

20. 

-1.521 

- 1 . AO  6 

0 

21  A 

1 0 

3. 32 

- 1 . 

3. 

- A. 

- 7. 7 79 

-1.99  A 

0 

21  5 

10 

A.  00 

0. 

1 . 

-8* 

-11.  392 

-11.133 

0 

21  6 

10 

3.01 

3. 

1 . 

1 5. 

-5.101 

-5.  1 62 

5 

217 

10 

1 . 60 

0. 

f5. 

- 1 A. 

-1.686 

- 1 . 556 

0 

2 1 8 

1 0 

A.  9 7 

1 5. 

- A. 

0. 

- 3 . 0 A 1 

-3.055 

0 

21  9 

1 0 

2. 80 

9. 

1 . 

20. 

-2. 528 

-2. 502 

0 

220 

10 

2.00 

- 5. 

- 1 . 

20. 

-3.236 

-3. 01 B 

0 

221 

10 

3.  70 

8 . 

5. 

- A. 

- A . 5 A 6 

- A. 651 

0 

R-1890 


TABLE  C-1 

"STABILITY  A.MD  TL"’'n'JG  TEST  fvESULTS 

fo'^eard  '^ide  fo'?ce>  light  ship  cu.'oriTrJM 


DPI  F T 

ROLL 

RL'DDF.P 

MEASURED 

P ITTED 

REPEAT 

RU.M 

RADII"; 

‘^PEED 

A NJ  LL  E 

AY  GLE 

AYGLE 

value 

VALUE 

RU.Y 

FT 

FT/'^EC 

DEG 

DEG 

DEG 

LB 

LB 

SET 

222 

1 0 

2.90 

3. 

- 5. 

-20. 

- 4. 9 1 6 

- 4.  805 

0 

223 

1 0 

3.  59 

8. 

4. 

- 10. 

- 4.  30  4 

-4.  332 

0 

22A 

1 0 

3.00 

3. 

1 . 

1 5. 

-5.014 

-5-127 

5 

226 

- 1 0 

3.0  1 

- 13. 

-2. 

1 4. 

1-053 

1-101 

0 

228 

- 10 

3.90 

- 1 . 

0. 

8. 

9.  609 

9-  79  4 

0 

229 

-10 

3.8  1 

- 6 • 

-2. 

12. 

6 . 1 8 6 

6.  1 'I'l 

0 

231 

- 1 0 

2.20 

- 7. 

-3. 

2. 

1 . 8 6 7 

2-0  48 

0 

232 

- 1 0 

3.01 

-3. 

- 1 . 

- 1 5. 

4.8  77 

5-011 

6 

234 

- 1 0 

2.  1 0 

- 6- 

- 4. 

20. 

1 .941 

2-045 

0 

23b 

- 1 0 

3.41 

-9. 

- 3. 

1 4. 

3.  545 

3-40  4 

0 

236 

- I 0 

4.  32 

- 5. 

-2. 

- 10. 

9.176 

9-067 

0 

237 

-10 

2.00 

- 1 4. 

4. 

-20. 

0-26  7 

-0-070 

0 

238 

- 1 0 

2.  1 0 

5. 

-2. 

-8. 

3-320 

3-364 

0 

2 40 

- 10 

3.01 

- 3. 

- 1 . 

- 1 5. 

4. 8 67 

5-01  1 

6 

241 

- 10 

4.  6 9 

-11. 

0. 

16. 

5.  1 42 

5-065 

0 

2 42 

- 10 

1 . 70 

-9. 

3 . 

- 1 8. 

0.  756 

0-  622 

0 

243 

- 1 0 

3.41 

- 1 0. 

4. 

-20. 

2-941 

2. 905 

0 

244 

- 10 

2.10 

- 5. 

- 1 . 

- 1 4. 

2.016 

2-026 

0 

245 

- 1 0 

2. 70 

3. 

- 1 . 

- 1 4. 

5. 238 

5.  535 

0 

246 

- 1 0 

2. 40 

4. 

2. 

6 . 

4.  425 

4.3  69 

0 

2 49 

- 1 0 

2.91 

-11. 

3. 

- 1 6. 

1 . 6''  6'  6 

1-818 

0 

2 50 

- 1 0 

4.  40 

- 1 1 ■ 

-3- 

^ « 

4.  31  8 

4.274 

0 

201 

10 

3.98 

- 5. 

- 5. 

0- 

- 1 4.  38 1 

- 1 4.  340 

0 

202 

10 

1.69 

-3. 

-2. 

- 1 6. 

-2-064 

-2.116 

0 

R-1890 


TAVLb;  C-2 


IL  1 TY 

An!D  TOP'Jl'K  T5<;t 

R t.  R 1 L T R 

A !•  T 

1 L)E  F 

j ■'  C F. . 

LIGHT  5H1P 

CJML’IT  IvjM 

L'O]  F T 

ROLL 

p UDDER 

,vikap|.'RED 

6 1 T TED 

RF.P  EAT 

R LU 

ROD  I L'R 

cpt  KD 

A.'JplE 

A M bL  E 

A.nIGLE 

value 

VAi_L  F 

P(_ 

FT 

F T/REC 

DEO 

DEG 

deg 

Lb 

Lb 

SET 

1 

30 

1 . «0 

0. 

1 . 

-p. 

-0.036 

-0-096 

0 

o 

30 

3.6  b 

-12. 

- 5 . 

8. 

-3-074 

-3*380 

0 

3 

30 

2 . 7 ‘ 

-14. 

2. 

- 4. 

- 3. 62P 

- 3 . 6 7 4 

0 

6 

30 

2 . P 1 

- /. 

2. 

- 1 4. 

-1.624 

- 1 . 729 

0 

5 

30 

3. 92 

- 6. 

- 5. 

-16. 

- 1 . 6 R 4 

-1-6.53 

0 

R 

30 

3.01 

- 3 . 

1 . 

1 5. 

-0.147 

-0-124 

0 

7 

30 

3.12 

- 1 3. 

2. 

-8- 

- 4.  3 4? 

-3. 895 

0 

9 

30 

3.01 

- s . 

5. 

- 1 6. 

- 2.  48 3 

-2. 542 

0 

10 

30 

2.  P2 

-10. 

- 5 . 

- 2. 

-1.66b 

-1.666 

0 

1 1 

30 

1 . 63 

- 6 . 

1 . 

10. 

- 0. 400 

-0-578 

0 

12 

30 

4.5  7 

- 1 3. 

1 . 

1 6 . 

- b.  85b 

- 5 . 6 1 P 

0 

1 3 

30 

2. 52 

- 7. 

2. 

- P . 

- 1 . 6 o 3 

- 1 . 9 6-9 

0 

1 5 

30 

2.9  1 

-13. 

- 2. 

1 4. 

- 3. 062 

- 2 . P 1 P 

n 

1 6 

30 

3.0? 

3 . 

1 . 

1 5. 

1 . 43R 

1-348 

1 

1 7 

30 

1 . 5 4 

1 1 • 

1 . 

1 4. 

1.14  4 

0*966 

0 

1 P 

30 

1.62 

4. 

- 4. 

1 6. 

0.  37? 

0-  4:2  6 

0 

1 9 

30 

2.33 

4. 

1 . 

-20. 

0.  48  9 

0-  4 59 

0 

20 

30 

3.29 

0. 

1 . 

6. 

0.6  2b 

C.  582 

0 

21 

30 

2.51 

-11. 

2. 

1 4. 

- 2 . 1 4 1 

-1*979 

0 

22 

30 

2.11 

1 5. 

3. 

- 2 . 

2.39  6 

2-50  7 

0 

23 

30 

4.5  5 

5. 

5. 

- 1 P. 

2.  422 

2-27  6 

0 

24 

30 

3.01 

3. 

1 . 

1 5. 

1 . 45  4 

1 . 339 

1 

2 6 

-30 

2-51 

- 6 . 

5. 

-20. 

-1.817 

- 1 . P 49 

0 

29 

-30 

4.97 

1 • 

- 3. 

20. 

0.350 

0*367 

0 

31 

-30 

4.19 

- 6. 

- 4. 

1 4. 

-2. 302 

-2. 522 

0 

32 

-30 

3.0? 

- 3. 

- 1 • 

1 5. 

-0. 570 

-0*  t?9 

0 

33 

- 30 

4.  4P 

-10. 

-2. 

1 6. 

-5-351 

-5-256 

0 

3 4 

- 30 

1 . b 1 

3. 

- 3. 

1 4. 

'0.  39  4 

0-181 

0 

35 

-30 

3.  70 

-15. 

5. 

- 1 2. 

- 7. 4 69 

-7.647 

0 

3 6 

- 30 

2.6  1 

- 3. 

-2. 

1 4. 

- 0 . 4 4 4 

-0. 431 

0 

37 

-30 

3 . 90 

-10. 

- 3- 

-18. 

- 4.  6P1 

-4.333 

0 

3'=' 

- 30 

2.10 

- 5- 

- 5. 

1 6 . 

-0-335 

-0.457 

0 

39 

-30 

3.  5P 

4. 

1 . 

1 4. 

1 . 30  4 

1-13  7 

0 

40 

-30 

3 . 00 

-3. 

- 1 . 

- 1 5. 

- 1 . 303 

-1.235 

2 

42 

- 30 

?.  50 

-11. 

4 . 

-20. 

- ?. 708 

-3-002 

0 

43 

-30 

2.11 

- 6. 

5 . 

- 1 2. 

-1.259 

- 1 . 274 

0 

4 b 

-30 

3. 0 1 

- 5. 

3. 

1 ?. 

-2-152 

-2. 479 

0 

4 6 

-30 

3.90 

-11. 

5 . 

- 1 8. 

- 6 . 6 0 6 

- 6. 590 

0 

/,'-7 

- 30 

3*00 

- 3 . 

- 1 . 

- 1 5. 

- 1 . 29  6 

-1.235 

2 

1 26 

-20 

0.91'' 

- 9 . 

- 2. 

-8. 

- 4.  79  3 

- 4.  73  5 

0 

1 2 9 

-20 

3.41 

- 3 . 

-2. 

-20. 

- 1 . 6.9  7 

- 1 . 9 4.  7 

0 

1 30 

-20 

?.  70 

0. 

- b. 

12. 

O'.  1 39 

0-205 

0 

1 31 

-20 

1 .90 

- 1 • 

- 1 . 

- 1 2. 

-0-278 

-0-347 

0 

1 33 

- 20 

1 . "0 

5. 

-3. 

10. 

0-  729 

0-504 

0 

1 34 

-20 

2.  50 

- 1 4. 

-2. 

1 4. 

- 3 . 1 7 5 

-3.295 

0 

1 3 5 

- 20 

4.  1 O 

-P. 

- 3. 

-20. 

- 4. 9P  1 

-5.1  78 

0 

1 36 

-20 

3.00 

-3. 

- 1 . 

- 1 5. 

- I . 33  7 

-1.416 

A 

1 37 

-20 

3. 30 

1 . 

- 1 . 

- 1 2. 

-0.471 

-0. 50b 

0 

1 39 

-20 

?.  70 

- 5. 

4. 

4. 

-1.483 

- 1 . 534 

0 

1 39 

-oo 

?.  70 

-11. 

3. 

20. 

-2. 40? 

-2.59  1 

0 

T^PLF.  C-2 


'^T'^MlLlTY  Asir  TF.<=T  ’?F?L'LT'= 

AFT  '^IDF  FJ-7CE*  LIGHT  ':HIP  CJ.MLITIJM 


DPI  FT  POLL 


UN 

PAD  I UP 

PPFFI' 

AnIuLF 

AN  OLE 

FT 

FT/SEC 

del 

DEL 

^'0 

-20 

2.10 

- 1 0. 

3. 

^1 

' 30 

A.  / 9 

- 6i. 

- 3. 

- 20 

2.60 

- 1 5. 

- 5. 

-S3 

-20 

A.  \ 9 

- 9. 

3. 

-20 

3 . on 

-3. 

- 1 . 

-20 

2.  ''lO 

- 7. 

5. 

/1 6 

-20 

3 . / 9 

- 6. 

^1 

-20 

3.  50 

- 1 5. 

- 3. 

- 20 

p .»n 

- 6 . 

-2. 

A9 

-20 

A.  ( 9 

- 3. 

- 3. 

50 

-20 

2.20 

- 2. 

2. 

01 

20 

A.  8 9 

0. 

-2. 

n? 

20 

A.  19 

1 3. 

3 . 

0 3 

20 

3.99 

r< . 

5. 

0^ 

20 

3.00 

3 . 

1 . 

05 

20 

2 . 92 

6 . 

5. 

06 

no 

A.  SO 

- 2. 

- A. 

07 

20 

2.10 

— 1-v 

- 2 . 

08 

20 

A . A 9 

9. 

— 8 . 

09 

20 

:?.  tO 

” A» 

1 P 

20 

3.  50 

0 . 

1 . 

1 1 

20 

3.  AO 

1 A. 

3. 

12 

20 

3.00 

3 . 

1 . 

1 

20 

1 . 69 

6. 

- 1 . 

1 5 

20 

2. 30 

6 . 

2. 

1 7 

20 

2.80 

1 2. 

5. 

1 9 

20 

A.  pn 

1 5. 

1 . 

pn 

20 

3.00 

3. 

1 . 

21 

20 

3.19 

7. 

b . 

23 

20 

3.  79 

2. 

- 3 . 

PA 

20 

3.70 

1 5. 

2. 

25 

20 

3.89 

A. 

?P 

-20 

3.01 

-3. 

- 1 . 

03 

1 0 

2 . 6j9 

1 3. 

- 1 . 

0^ 

1 0 

1 . 6,9 

1 6... 

3. 

06 

1 0 

3.  ( -’■ 

3. 

-3. 

08 

1 0 

3 • 00 

2 . 

1 . 

09 

1 0 

"’•89 

- 5 . 

-3. 

in 

1 0 

1 . V9 

- A. 

- p . 

1 1 

1 0 

3 . nP 

5. 

- 5. 

1 2 

1 0 

1.61 

- 3. 

3. 

1 3 

1 0 

1 . 51 

- 2 . 

Q. 

1 ^ 

1 0 

3.32 

- 1 . 

3. 

1 5 

1 n 

A.  nn 

0. 

1 . 

1 6 

10 

3.01 

3. 

1 . 

1 V 

1 0 

1 . 60 

0. 

2. 

1 9 

1 0 

0 . 90 

' . 

1 . 

20 

1 0 

2.00 

- 5. 

- 1 . 

21 

1 0 

3-  lO 

8 . 

5. 

22 

1 0 

2.90 

3. 

- 5. 

9UDDF.P 

NEAP  UP ED 

FITTED 

PEP EAT 

AN  GL  E 

valuf 

LAll'E 

PUm 

DEG 

lD 

LD 

SET 

- 1 6. 

-1.772 

-2.037 

0 

-20. 

-A.  1 R b 

- 3 . 8 A 7 

0 

- 1 0. 

-3.791 

-3.915 

n 

“ • 

- 6. 2 69 

- 6.  20  A 

0 

- 1 5. 

-1.336 

- 1 . A]  6 

A 

10. 

CO 

• 

1 

- 1 . A 7 9 

0 

- 1 2. 

-2. Abb 

-2.839 

0 

- 8 . 

- 6. b0  9 

- 6. 23  5 

0 

- 6. 

-2.021 

- 1 . 68  7 

0 

1 6 . 

-2..  683 

- 2 . A 1 7 

0 

A, 

-0.383 

-0.510 

0 

-in. 

1 .892 

1.917 

0 

-20. 

6 . bR  6 

6.887 

0 

- 10. 

3.  6bb 

3.  7 50 

n 

1 5. 

1 . 6,59 

1 . 56A 

3 

10. 

1.99b 

1 . PP  5 

n 

- 8 . 

0.  7 6' 7 

0.  S35 

0 

10. 

-0. 208 

-0.237 

0 

0. 

7.989 

7.765 

0 

-20. 

-0. 6?n 

- n • ip  A 

0 

' A. 

0.  bl  b 

0. 702 

0 

- 6 . 

b.  6 3f> 

5.  531 

0 

1 b. 

1 . AO  9 

1 . 5 6 6. 

3 

-20. 

0 . 2R8 

0.331 

0 

1 6. 

1.317 

1 . 326 

0 

-8. 

3.009 

3.033 

0 

- ( . 

9.001 

9.100 

o 

1 b. 

\ - A(  A 

1 . 5 6A 

3 

1 6. 

2 . 6 8 D 

2.761 

0 

- 1 0. 

1.631 

1 . 893 

0 

10- 

7.93  / 

7 . ('  6'0 

0 

-20. 

- 1 . 7 6,8 

-1.937 

0 

-lb. 

- 1 . 3b6 

- 1 . A?  6 

A 

-20. 

3.89  7 

3. 802 

0 

A. 

1 . 7 2 f 

2.031 

0 

8 . 

A.  1 35 

. 0 1 A 

n 

1 b. 

2.219 

2 . AO  6 

5 

-12. 

-Cl.  Al  l 

- 0 . A b 1 

0 

- 1 H . 

-0. 359 

-0 . 300 

0 

- 1 0. 

3.  08  1 

3 . 1 60 

0 

20. 

-0. 1 63 

-P.P  19, 

0 

20. 

0.057 

-0. 008 

0 

- / . 

1.095 

0 . 7 9 7 

0 

-R. 

2 . 0 6 5 

2.19  6 

0 

1 b. 

2.339 

2. 6.2? 

b 

-16. 

- 0 . I 5 6 

- 0 . 0 1 0 

0 

20. 

A . 0 1 3 

6. . 0 A 1 

0 

20. 

- 0 . 19  6 

-0.223 

0 

-A, 

b • 61 1 , 

5.171 

0 

-20. 

1 . 909 

1 . 968 

0 

3 


» 


R-1890 


TABLf;  C-2 

STABILITY  A\ll;  TUR’.slI.Mb  TBST  PtSL'LT? 
AFT  <=IDE:  force.  LIUHT  SHIP  CJxIDlTIO.M 


DRIFT 

ROLL 

RUDDER 

MEASURED 

FITTED 

REPEAT 

RUN 

RADI  U'; 

S°EED 

A MOLE 

AMGLE 

ANGLE 

VALUE 

value 

RUN 

FT 

FT/':  EC 

DEG 

DEG 

DEG 

LB 

Lb 

SET 

2?3 

10 

3-  59 

3 . 

4. 

- 1 0. 

4.836 

4.918 

0 

I 0 

3-00 

3 . 

1 . 

1 5. 

2.  448 

2.  40  4 

5 

225 

1 0 

1 • 90 

1 2. 

-3. 

-IP. 

2.202 

1.972 

0 

226 

-10 

3.01 

- 13. 

-2. 

1 4. 

-5.156 

-5.0  56 

0 

228 

- 1 0 

3-90 

- 1 . 

0. 

8. 

-2.230 

-2.100 

0 

229 

- 10 

3.81 

- 6 . 

-2. 

12. 

-3.896 

-4.0  64 

0 

231 

- 1 0 

2.20 

- 7. 

- 3- 

2. 

- 1 .802 

-1.613 

0 

232 

- 1 0 

3.01 

- 3. 

- 1 . 

- 1 5. 

-2.182 

-2.012 

6 

233 

- 10 

3.  41 

4. 

- 4. 

4. 

0.873 

0.775 

0 

234 

- 10 

2.10 

- 6 . 

- 4. 

20. 

- 1 . 557 

-1.128 

0 

235 

- 1 0 

3.41 

-9. 

-3. 

1 4. 

- 4.  220 

- 4. 301 

0 

237 

- 10 

2-00 

- 1 4. 

4. 

-20. 

-3.179 

-3.216 

0 

238 

- 1 0 

2.  1 0 

5. 

-2. 

-8. 

0.  493 

0.556 

0 

239 

- 10 

4.7  9 

- 1 4. 

- 5. 

0. 

-12.001 

-11.981 

0 

2 40 

-10 

3.01 

-3. 

- 1 . 

- 1 5. 

- 2.  1 60 

-2.012 

6 

2 42 

- 10 

1 . 70 

-9. 

3. 

- 1 8. 

- 1 . 561 

- 1 . 503 

0 

2 43 

- 1 0 

3.4  1 

- 10. 

4* 

-20. 

- 6. 537 

- 6. 437 

0 

2 4/1 

- 10 

2.10 

- 5. 

- 1 • 

- 1 4. 

- 1 . 364 

-1.259 

0 

245 

- 1 0 

2.  70 

3. 

- 1 . 

- 1 4. 

-0. 047 

-0.030 

0 

246 

- 1 0 

?.  40 

4. 

2. 

6. 

0.297 

0.29  4 

0 

247 

- 1 0 

4.91 

-10- 

- 4. 

- 1 4. 

- 1 0.8  70 

-10.901 

0 

249 

- 10 

2.91 

-11. 

3. 

- 1 6. 

-4.8  49 

- 4. 783 

0 

2 50 

- 10 

4.4  0 

-11. 

- 3 . 

4. 

-8.817 

-8. 942 

0 

201 

1 0 

3*93 

- 5. 

- 5. 

0. 

0.2  48 

-0.016 

0 

202 

1 0 

1 • 69 

-3. 

-2. 

- 1 6. 

-0.191 

-0.180 

0 

R-1890 
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■'AL'.Lf'  C-? 


AnID  ^)  1 Th=T  ■<■  i- I.  7 =: 

r jll  y.  j.\M7.  lk.7'7  ljal'  L'.jMi<niJ'. 


1 If! 

^ JLL 

^Ol.'OFO’ 

.'■■  r-  Acijpi.  1, 

7 1 77  f !■ 

i-  p 

17I'N) 

96D1  L’  = 

<5  K F n 

<1  g L U 7 

A M bL  !■ 

6 M >.  L 7; 

V AbU7 

9Ai_L  7 

r T 

r 7/<^b  C 

07  ■-■ 

07  1. 

07.  b 

(•  7 - L ! ' 

f 7 - u b 

P7 

1 

30 

1 • '<0 

0 . 

1 . 

-p. 

- / . 030 

- 7 . <'>  1 '■> 

0 

p 

'\n 

P.  ( 5 

- 1 2 . 

- ‘.) . 

8 . 

3 3 • 7 2 n 

3 / . 0 6 9 

0 

3 

30 

3*79 

- 1 / . 

2 . 

- / . 

- 1 0. 9/0 

-11-97  8 

0 

30 

/ . 2 r/ 

- 

A . 

-2(  • 1 3r. 

- 26 . b5n 

0 

30 

"1 . 0 1 

- 3 . 

1 . 

1 5 . 

-(•910 

- 1 .Qr\  A. 

0 

■/ 

30 

->.)■> 

- 1 3. 

2 . 

- . 

- 1 n . 9 /.n 

-11. P03 

0 

1 

3H 

o . c p 

-in. 

- 5. 

- 0 . 

M r 

n 5 . 7 ! 

n 

1 ! 

30 

1 • 63 

- 6. 

1 . 

1 0. 

- 3.  /'30 

-3.  3/<5 

0 

12 

30 

^•.57 

- 1 3. 

1 . 

1 6 . 

- 2.  680 

-3.293 

0 

1 3 

30 

3 . 52 

- 7. 

2. 

- 8 . 

-8. 9 AO 

-9.865 

0 

1 b 

30 

2.91 

- 1 3. 

-2. 

1 A. 

1 1 . 700 

12.478 

0 

1 6 

30 

3-02 

3. 

1 . 

1 5. 

-3.110 

-8- 1 68 

1 

1 7 

30 

1.5/1 

1 1 . 

1 . 

1 A. 

- 6. 7 60 

- 6.  923 

0 

1 « 

30 

1 . 62 

/j. 

- /;. 

1 6. 

23.  5/1O 

23. 537 

0 

20 

30 

3.29 

0. 

1 . 

6. 

- A.  AbO 

- 4.  257 

0 

21 

30 

2*51 

-11. 

2. 

1 A. 

-8. 330 

-9.296 

0 

22 

30 

2.  1 1 

1 5. 

3. 

- 2. 

- 20 ‘QAO 

-21 .036 

0 

23 

30 

/!•  5 5 

5. 

5. 

- 1 8. 

-33. 550 

-33.363 

0 

2^ 

30 

3-01 

3. 

1 . 

1 5. 

- 8 • 1 60 

- 8 . 1 60 

1 

26 

-30 

2.  51 

- 6. 

5. 

-20. 

-26.970 

-27.651 

0 

27 

-30 

b( 

0 . 

A> 

- 20  • 

-23. 700 

-24.  020 

0 

28 

-30 

3*97 

5. 

- 5. 

- 1 6. 

33.820 

3/.  1 58 

0 

29 

-30 

/1 . 9 7 

1 . 

-3. 

20. 

2 1 . 7 /<0 

21.838 

0 

30 

-30 

//.  2 6 

- 6. 

-2. 

1 6. 

1 6.  0 70 

16.7  40 

0 

31 

- 30 

/I.  1 9 

- 6 . 

- A. 

1 

27. 330 

27.372 

0 

32 

-30 

3.02 

- 3. 

- 1 . 

1 5. 

8.010 

3.0  73 

0 

33 

-30 

/I.  /iP 

- 1 0. 

- 2. 

1 6. 

13.1 70 

1 8.29 1 

0 

35 

- 30 

3.  70 

- 1 5. 

5. 

- 1 2. 

-23. 960 

-24.  921 

0 

3 6 

-30 

2.61 

- 3 . 

- 2. 

1 6. 

11.060 

1 1 . 456 

0 

37 

- 30 

3.92 

-in. 

-3. 

-18. 

2Q. 090 

21.105 

0 

38 

-30 

2.10 

- 5. 

- 5. 

1 6. 

35.010 

35.095 

0 

39 

-30 

3. 58 

A • 

1 . 

1 A. 

- 3. 9 .(in 

- 4.  29  1 

0 

/>0 

-30 

3.00 

-3. 

- 1 . 

- 1 5. 

7.110 

7.934 

p 

-^il 

-30 

/' . 9 6 

-F<. 

- 1 . 

- 1 ?. 

6.3  70 

7. 008 

0 

^2 

-30 

2. 50 

-11. 

A. 

-20. 

-22.950 

-24.289 

0 

^3 

-30 

2.11 

- 6. 

5. 

- 1 2. 

-26. 970 

-27. 674 

0 

■<15 

- 30 

3 . 8 1 

- 5. 

3. 

12. 

- 1 8.010 

-18.768 

0 

/>6 

-30 

3.90 

- 1 1 • 

5. 

- 1 8. 

-28.  A’)0 

-28.  661 

0 

■^7 

-30 

/i.  3 7 

5. 

- 

- 1 / . 

2 7.  100 

27. 428 

0 

^'8 

-30 

3.  no 

- 3 . 

- 1 . 

- 1 5. 

3.  1 40 

7-984 

2 

^9 

-30 

/‘.  50 

- 1 5. 

2. 

12. 

-•(<.010 

- 4. 8 43 

0 

50 

-30 

A.  79 

- 1 . 

- 1 . 

- 1 8. 

A.  2 AO 

4.088 

0 

1 2 6 

-20 

3.90 

- 9. 

- 2. 

- 8 . 

1 3. 430 

13.963 

0 

1 27 

-20 

A,  70 

- 5. 

2. 

8. 

-12.610 

-11.763 

0 

1 29 

-20 

3.  A\ 

- 3. 

-2. 

-20. 

1 1 • 880 

11.971 

0 

1 30 

-20 

2. 70 

0. 

- 5. 

12. 

32. 610 

31.836 

0 

131 

-20 

1 . 90 

- 1 . 

- 1 . 

- 1 2. 

7.  690 

/ • 60  4 

0 

1 3? 

-on 

/.  00 

-8. 

1 . 

- 1 6. 

- 4. 390 

-4.1/15 

0 

1 33 

-20 

1 . '/O 

5. 

- 3. 

in. 

17.410 

1 7. 5^8 

0 

1 3^ 

-20 

2. 50 

- 1 

-2. 

1 6. 

16.100 

1 6.  7 59 

0 

C25 


TABLP:  C-3 


AslD  TUr?'JIMb  Tbl^T  PB'^L'LT’^ 
°OLL  .'IJ.'lf'OT.  LIGHT  LOAD  CJ-MDllIOM 


DRIFT 

ROLL 

RUDDER 

l-ieasured 

F I TTED 

REREAT 

RADIUS 

cpf.:fp 

A \1  OL  F 

A 'J  OL  E 

A.'JGLE 

value 

value 

RU.vl 

FT 

FT/SEC 

DEO 

DEG 

DEO 

M-LB 

F T-LB 

SET 

-20 

cl.  1 9 

- 3 . 

-3. 

-20. 

20. 960 

21.120 

0 

-20 

3*00 

- 3. 

- 1 . 

- 1 b. 

8.120 

8.233 

4 

-20 

3 • 30 

1 • 

- 1 . 

- 1 2. 

7 . 44Q 

7.  450 

0 

-20 

2.  70 

- b. 

4. 

4. 

-24.  4bO 

-24.  664 

0 

-20 

2.  70 

-11. 

3. 

20. 

- 1 7.  7 30 

- I 7. 7 50 

0 

-20 

2-10 

- 1 0. 

3. 

- 1 7. 

-18.9(0 

- 1 8.  529 

0 

-20 

/!.  d'9 

- /i. 

- 3. 

-20. 

2 4.  b70 

23. 646 

0 

-20 

2" 

-lb. 

- 5. 

- 1 0. 

37. 800 

37.  49  5 

0 

-20 

/■.  19 

-9. 

3. 

- 4 . 

- 1 7. 8 50 

-17.069 

0 

- 20 

3*  on 

- 3. 

- 1 • 

- 1 b. 

8.  430 

8.233 

4 

- ?n 

2»  c^'O 

- 7. 

5. 

10. 

-27.850 

-27. 274 

0 

-20 

3* 

- 6 . 

- 2 . 

- 1 2. 

12.240 

12.771 

0 

-20 

3- 

- 1 b. 

- 3. 

- 8 . 

21 . 970 

22. 1 57 

0 

-20 

/i.  69 

- 3. 

-3. 

1 7. 

21.1 40 

19.912 

0 

-20 

2-  2n 

- 2 . 

2. 

4 . 

- 9.  7CD 

-9. 374 

0 

20 

/I . p 9 

0. 

- 2 . 

- 1 0. 

12.900 

1 3.200 

0 

20 

1 9 

1 3. 

3. 

-20. 

-22. 820 

-23. 384 

0 

20 

3*99 

0. 

b. 

-10. 

- 34.  790 

-33. 660 

0 

20 

3.00 

3. 

1 . 

1 5. 

- 8 . 420 

- 8 . 400 

3 

20 

2*90 

6 . 

5. 

1 0. 

-30.9  70 

- 30. 78b 

0 

20 

4.  30 

-2. 

- 4. 

-8. 

28. 770 

28.344 

0 

20 

2 • 1 0 

- b. 

- 3. 

10. 

21 . 030 

20.898 

0 

20 

2.  70 

- 4. 

- 4. 

-20. 

27.R80 

27. 760 

0 

20 

3 • SO 

0. 

1 . 

- 4. 

- 4.  640 

- 4.  64b 

0 

20 

3 • ■^'0 

1 4. 

3. 

- 6 . 

-21.110 

-21.611 

0 

20 

3*00 

3. 

1 . 

1 5. 

-8" 620 

- 8 . 400 

3 

20 

3*20 

3 . 

1 . 

20. 

-V. 770 

-9. 652 

0 

20 

1 • ^i9 

6. 

- 1 . 

-20. 

3.0  70 

2.  994 

0 

20 

3-  50 

6. 

1 . 

1 4. 

- 6. 1 30 

-6.111 

0 

20 

2.  PO 

12. 

5. 

-8. 

-34. 360 

- 34.  207 

0 

20 

4.  99 

1 5. 

-3. 

20. 

13. 780 

1 4.  83  7 

0 

20 

20 

1 b. 

1 . 

” 6 • 

- 1 2. 990 

-13.614 

0 

20 

3.00 

3. 

1 . 

1 b. 

-8.340 

-8. 400 

3 

20 

3.19 

7. 

b. 

1 7. 

-31 . 990 

-31.561 

0 

20 

c-i.  1 , 

2. 

3 . 

- 4. 

-20. 700 

- 1 9. 493 

0 

20 

3.  7^ 

2. 

- 3. 

- 1 0. 

1 9.820 

1 9.822 

0 

20 

3 . 70 

1 b. 

2. 

10. 

- 1 b. 530 

- 1 b.  879 

0 

20 

3 . R 9 

- b. 

4. 

-20. 

-23. 8bO 

-23. 428 

0 

-20 

3. 01 

-3. 

- 1 . 

- 1 b. 

7.9  30 

8.237 

4 

1 0 

2.  ''*9 

1 3. 

- 1 . 

-20. 

0 . 4 40 

0.326 

0 

I 0 

1 . ^'9 

1 4. 

3. 

4. 

-18.010 

- 1 6.833 

0 

1 0 

d.  7R 

-2. 

-2. 

1 6. 

1 3.030 

1 3. 070 

0 

1 0 

3 . 7 3 

3. 

-3. 

8. 

1 5. 420 

15.217 

0 

1 0 

/■.  9P 

-3. 

- 1 . 

1 4. 

7.010 

6.119 

0 

1 0 

3.00 

3. 

1 . 

1 b. 

-9.000 

-9.  1 46 

b 

I 0 

2.39 

- 5. 

-3. 

- 12. 

1 b.  9 40 

17.011 

0 

1 0 

1 . 3 9 

- 4. 

-2. 

- 1 8. 

14.010 

1 3.202 

0 

I 0 

3.03 

b. 

- b. 

- 1 0. 

28.840 

28. 69b 

0 

1 0 

1.6] 

- 3 . 

3. 

20. 

-20. 570 

-20.230 

0 

1 0 

1.51 

- 2. 

0. 

20. 

-0. 530 

-0. 579 

0 

5TAB1L 1 TY 

AMD  TURNING  7E91  RESULT  8 

ROLL 

MOMENT.  LILHT  LOAD 

CO  MDI TIO  M 

DRl  FI 

ROLL 

RUDDER 

M EAR UR  ED 

FITTED 

REPEAT 

RUN 

RADI  L'R 

8PFFD 

ANGLF 

ANGLE 

ANGLE 

VALUE 

value 

run 

FT 

FT/'^FC 

DEG 

DEG 

DEG 

F T-LD 

FT-LB 

RET 

21  ^ 

10 

3.32 

- 1 . 

3. 

- /i. 

-22.  /i50 

-21 .907 

0 

215 

1 0 

''1*0  0 

0. 

1 . 

-8. 

-6.610 

- 5. 758 

0 

21  6 

10 

3-01 

3. 

1 . 

1 5. 

-9. 530 

-9.157 

5 

21  7 

1 0 

1 • 60 

0. 

2. 

- 1 4. 

- 1 /I.  490 
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POLL 

PDDLF8 
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Rl'.M 
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8PFI-  11 

A M L F 

A M bL  F 
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FT 
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V.A 

-30 

2.  5^-1 

- 1 /). 

- /i. 

1 6. 

9.  67  6 

9.  563 

0 

86 

-80 

2. 30 

- 2. 

- 5. 

1 0. 
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0 

29A 

-10 

4.0  1 

- 1 . 

0. 

P. 

26. 028 

25. 760 

0 

29  5 

- 1 0 

3.31 

3 . 

3. 

- 1 0. 

1 7.883 

1 7. 1 55 

0 

296 

- 10 

3.0) 

- 3. 

- 1 . 

- 1 5. 

1 4. 938 

1 4. 637 

6 

297 

- 1 0 

3.81 

0. 

- 3. 

- 1 2. 

22- 664 

22.577 

0 

299 

- 1 0 

?.  60 

- 1 5. 

- 5. 

18. 

1 1 . 939 

1 2.223 

0 

300 

-10 

2.  50 

-11.. 

- 4. 

- 1 8. 

10.927 

10.777 

0 

251 

1 0 

2.3  9 

1 0. 

-2. 

- 1 6. 

9.  7 70 

10.038 

0 

2 52 

1 0 

1 . 69 

- 5. 

0. 

-20. 

4.311 

4.  42  6 

0 

253 

1 0 

4.27 

1 5. 

1 . 

0. 

32. 384 

32.925 

0 

2 5^ 

1 0 

1 . 60 

6. 

4 • 

1 2. 

4.111 

3.9  62 

0 

255 

1 0 

3.00 

5. 

1 . 

2. 

1 4.  652 

1 4.  406 

0 

2 56 

1 0 

3.00 

3. 

1 . 

1 5. 

1 4.  596 

1 4. 242 

5 

258 

1 0 

1 . 50 

1 5. 

-2. 

6. 

4.  1 65 

4.  3 48 

0 

2 59 

10 

2.19 

0. 

2. 

-16" 

7.122 

7.277 

0 

2 60 

1 0 

3.88 

- 1 . 

- 3. 

- 1 8. 

23. 664 

23. 509 

0 

261 

1 0 

1 . 69 

0 . 

0. 

- 6 . 

4.  551 

4.  324 

0 

2 62 

1 0 

2.  50 

0. 

1 . 

0. 

9.634 

9. 423 

0 

2 63 

1 0 

3.98 

3 . 

2. 

-2. 

25.  181 

24.933 

0 

2 

1 0 

2.98 

3 . 

1 . 

1 5. 

1 4.  533 

1 4. 052 

5 

265 

1 0 

1 . 50 

7. 

-3. 

- 1 2. 

3.  78  1 

3.911 

0 

2 66 

1 c 

2.19 

3. 

-3. 

- 6. 

7.820 

7.  78  4 

0 

267 

1 0 

2.89 

5. 

1 . 

-20. 

1 3 . 68  6 

1 3. 672 

0 

2 68 

1 0 

? . an 

9. 

- 1 . 

2 . 

9. 68  3 

9.  78  4 

0 

269 

1 0 

1 . 59 

10. 

4 • 

ft  • 

4.  1 73 

4.125 

0 

2 70 

1 0 

2.6  1 

1 4. 

2. 

10. 

12.156 

12.121 

0 

271 

1 0 

1 . 90 

I 3. 

5. 

0. 

6. 02  7 

6.  0 58 

0 

2 72 

1 0 

2.9  9 

3. 

1 . 

1 5. 

14.656 

14.147 

5 

273 

1 0 

4.  09 

6 . 

4. 

-8. 

2 1 . 48  0 

2 6.  8 60 

0 

274 

1 0 

4.  69 

1 3. 

- 4. 

-2. 

39.247 

39. 725 

0 

275 

10 

4.30 

2. 

- 4 . 

- 1 8. 

30. 1 34 

29.985 

0 
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TABLE  C -9 


RESULTS  OF  LEAST  SQUARED  ERROR  CURVE  FIT 
FOR  FORWARD  SIDE  FORCE,  LIGHT  SHIP  CONDITION 


Term 

Function 

LSF 

Coefficient 

Centr 1 fugal 
Component 

Corrected 
Coef f i c i ent 

Label 

0 

1 

-0  058132 

0 

0.  (sym.) 

I 

'JU 

-22.062 

10.53 

-11.53 

^FFl 

2 

0.41918 

0 

0.41918 

®FF2 

3 

4> 

-0.010711 

0 

-0.010711 

^FF3 

h 

6 

-0.0033509 

0 

-0.0033509 

^FF4 

5 

Vu) 

-7.7000 

3.24 

-4.46 

^FF5 

6 

K 

0.32300 

0 

0.32300 

®FF6 

7 

Vcp 

0.030918 

0 

0.030918 

^FF7 

8 

V6 

-0.0051919 

0 

-0.0051919 

®FF8 

9 

0.70386x10'^ 

0 

0.70386x10“° 

^FF16 

10 

V-Bo 

0.028352 

0 

0.028352 

^FF9 

1 1 

v33o 

-0.028903 

0 

-0.028903 

^FF12 

12 

uj^3o 

0.04441 1 

0 

0.04441 1 

^FF14 

13 

V^cp 

0.022745 

0 

0.022745 

^FFIO 

14 

tp6 

-0.0015105 

0 

0. (sym.) 

15 

V9^ 

0.00028323 

0 

0. (sym.) 

16 

V 

-0.022383 

0 

0. (sym.) 

17 

ujB  ^ 

0 

-.0016023 

-.0016023 

^FFll 

18 

Vo;3  = 

0 

-.00049348 

-.00049348 

^FF13 

19 

0 

.40736x10' 

.40736x10'^ 

^FF15 

n = 124 

a /a  = 0.0391  r = O.O365 

e y 

^ff"  ^ffi 

“ ♦“fF2®„  *»FF3 

V +«pp[,«  +a 

FF5^‘"  +"ff6^^ 

FF7^'^  ■^"ff8^^ 

■^^FF9 

y\  «FFIo““'f 

*"ffh< 

■^^FFl2^''^o  ■^^FF13 

V<-""fF14"'"^ 

**FFI5”9o  * "ffI6®o‘" 

V = V-V„  , V„  = 3.25  ft/sec 
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TABLE  C-10 


RESULTS  OF  LEAST  SQUARED  ERROR  CURVE  FIT 
FOR  AFT  SIDE  FORCE,  LIGHT  SHIP  CONDITION 


Term 

F unct i on 

LSF 

Coefficient 

Centrifugal 

Component 

Corrected 

Coefficient 

Label 

0 

1 

0.022474 

0 

0.  (sym.) 

1 

lU 

3.9495 

10.87 

14.82 

^AFl 

2 

0.26273 

0 

0.26273 

^AF2 

3 

9 

-0.092457 

0 

-0.092457 

®AF3 

4 

6 

0.023447 

0 

0.023447 

^AF4 

5 

Vu) 

2.1713 

3.34 

5.51 

^AF5 

6 

0.15362 

0 

0.15362 

®AF6 

7 

Vcp 

-0.033784 

0 

-0.033784 

®AF7 

8 

V 6 

0.01 1 194 

0 

0.011194 

^AF8 

9 

o 

0.96358 

0 

0.96358 

®AF10 

10 

v^8 

o 

0.022608 

0 

0.022608 

^AF9 

n 

0.00025053 

0 

0.00025053 

^AF12 

12 

u)B 

o 

0.037675 

0 

0.  (sym.) 

13 

\/2 

-0.048996 

0 

0.  (sym.) 

14 

Vu)Bq9 

-0.035593 

0 

-0.035593 

^AF14 

15 

V^uu 

0.11974 

0 

0.11974 

®AF15 

16 

V 

0.00084482 

0 

0.  (sym.) 

17 

uu= 

1.6755 

0 

0.  (sym.) 

18 

3^96 

o 

0.13236x10"^ 

0 

0.  (sym.) 

19 

0 

-.0016571 

-.0016571 

^AFll 

20 

VuJ  Sq 

0 

-.00050932 

-.00050932 

^AF13 

21 

0)3  ^ 
0 

0 

.42035x10"^ 

.42035x10“^ 

^AF16 

n = 125 

a 

e 

/a^  = 0,0534 

r = 0.0494 

‘AF  ' "aFI"  ^*AF2®o  **AFl.‘  ^“afs''”  *"aF6"Bo  «AF?''‘'  '"^FS''®  '"“aFs'' 


+3._,,uo3^+a 
AFIO  o AFII  o 


AFI2»o'®"aFI3’“*^^AFIA''“«o’**AFI5''‘'”  * ^FI6“«o 


= v-v. 


Vq  = 3.25  ft/sec 
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TABLE  C-1 1 

RESULTS  OF  LEAST  SQUARED  ERROR  CURVE  FIT 
FOR  ROLL  MOMENT,  LIGHT  SHIP  CONDITION 


Term 

Function 

LSF 

Coefficient 

Corrected 

Coefficient 

Label 

0 

1 

-0,20705 

0.  (sym.) 

1 

V 

-0.23550 

0.  (sym.) 

2 

(jj 

-4.8376 

-4.8376 

‘^Fl 

3 

So 

-0.22245 

-0.22245 

^’f2 

4 

9 

-7.0858 

-7.0858 

^3 

5 

6 

0.0027219 

0.0027219 

^4 

6 

Vuu 

0.55416 

0.55416 

^F5 

7 

V8 

-0,11643 

-0.11643 

CT 

o^ 

8 

V9 

-0,15428 

-0.15428 

^F7 

9 

9" 

0.058910 

0.  (sym.) 

10 

9^ 

0.016578 

0.016578 

^’f8 

11 

V8o9 

-0.0076122 

0.  (sym.) 

n = 

138  a /a  = 0.00095 

e y 

r = 0.0295 

^F- 

Fl  F2  o 

+ 6p39  + + 

bp89' 

V = V-V„  , V =3.25  ft/sec 
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TABLE  C-12 

RESULTS  OF  LEAST  SQ.UARED  ERROR  CURVE  FIT 
FOR  DRAG,  LIGHT  SHIP  CONDITION 


'erm 

Function 

LSF  Centrifugal 

Coefficient  Component 

Corrected 
Coef f i ci ent 

Label 

0 

1 

13.214 

13.214 

^Fo 

1 

V 

8.3761 

8.3761 

Vl 

2 

v" 

1.3818 

1 .3818 

V2 

3 

2 

U) 

10.657 

10.657 

^F3 

4 

0.00099552 

0.00099552 

CO 

u. 

0 

5 

VujPq 

0.042045  6.58 

6.62 

^F9 

6 

U'Cp 

-0.52712 

-0.52712 

^F5 

7 

u)0Q 

0.36551  21.4 

21.77 

V4 

8 

eo'p 

0.0065249 

0.0065244 

V6 

9 

V6^ 

0.00078682 

0.00078682 

Vii 

10 

Vu)6 

-0.021834 

-0.021834 

^FIO 

n 

py 

0.0010384 

0.  (sym.) 

12 

0.00068065 

0.00068065 

^F7 

n = 

141 

a /a  = 0.00121  r 

e y 

= 0.0333 

= Vo  " Vl^ 

V5'^'P  V6^^P 

V7^o 

+ Cpg6^ 

. . Cpl„V»6  . Cp,, 

V6^ 

V = 

V-V  . V = 

3.25  ft/sec 

R-1890 


TABLE  C-13 


RESULTS  OF  LEAST  SQUARED  ERROR  CURVE  FIT 
FOR  FORWARD  SIDE  FORCE,  DESIGN  LOAD  CONDITION 

Term 

Function 

LSF 

Coefficient 

Centri fugal 
Component 

Corrected 

Coefficient 

Label 

0 

1 

0.082651 

0 

0.  (sym.) 

1 

UJ 

-27.085 

15.01 

-12.08 

Vl 

2 

0.47342 

0 

0.47342 

®GF2 

3 

9 

0.096794 

0 

0.096794 

^GF3 

4 

6 

0,0033340 

0 

0,0033340 

^GF4 

5 

Vou 

-9.9324 

4.62 

-5.31 

^GF5 

6 

0.30976 

0 

0.30976 

^GF6 

7 

Vcp 

0.17007 

0 

0.17007 

"gF7 

8 

V^9 

0.063486 

0 

0.063486 

^GF9 

9 

V^Po 

0.029706 

0 

0,029706 

^GF8 

10 

cp6 

-0.0015872 

0 

0.  (sym.) 

1 1 

\/o)6 

0.013665 

0 

0.  (sym.) 

12 

0.14795 

0 

0.  (sym.) 

13 

& ^ 

-0.0022098 

0 

0.  (sym.) 

14 

2 

W 

-2.1530 

0 

0.  (sym.) 

li. 

< 

0.0064187 

-.0022846 

-.0022846 

®GF10 

16 

0,00048853 

0 

0.00048853 

^GFI2 

17 

0 

-.00070367 

-.00070367 

^GFl  1 

18 

0 

0 

+.57995x10"^ 

+.57995x10"^ 

^GF13 

n = 

i3I 

a /a  = 0.00071 

e y 

r = 0.0250 

Vg 

" *GFi""gF2®0 

*"gf3'^“gfi.®« 

GF5“"*"gf6«o 

*^GF7"‘^"gf8"'Bo*  ^gf9 

■*  °GFIO 

< «GFI|""®o 

V = V-Vq  , Vq  = 3.25  ft/sec 


C47 


\ 

• 

R- 

.1890 

TABLE'C-14 

* 

RESULTS 

OF  LEAST  SQUARED  ERROR  CURVE  FIT 

w 

FOR  AFT 

SIDE  FORCE, 

DESIGN  LOAD  CONDITION 

LSF 

Centr i f ugal 

Corrected 

Te  rm 

Function 

Coefficient 

Component 

Coefficient 

Label 

0 

1 

0.10118 

0 

0.  (sym.) 

1 

(U 

3.2357 

14.77 

18.01 

^GAl 

2 

0.29605 

0 

0.29605 

®GA2 

• 

3 

9 

-0.12390 

0 

-0.12390 

®GA3 

4 

6 

0.020674 

0 

0.020674 

®GA4 

5 

Vua 

2.1073 

4.54 

6.65 

®GA5 

a 

■ 

z 

6 

0.18505 

0 

0.18505 

^GA6 

■ 

7 

Vcp 

-0.076448 

0 

-0.076448 

®GA7 

- 

8 

V6 

0.0085706 

0 

0.0085706 

^GA8 

c 

9 

V^8o 

0.038321 

0 

0.038321 

^GA9 

10 

‘""Po 

0.97679 

0 

0.97679 

®GA10 

1 1 

V uucp 

-0.094531 

0 

0.  (sym.) 

r. 

12 

uxp^6^ 

-0.00031661 

0 

-0.00031661 

^GA14 

13 

0.59012x10' 

0 

0.59012x10"^ 

^GA15 

: 

14 

-0.0034932 

0 

0.  (sym.) 

r 

15 

6" 

-0.00035454 

0 

0.  (sym.) 

16 

u)3o 

0 

-.0022481 

-.0022481 

^GAll 

17 

Vu)0| 

0 

-.00069148 

-.00069148 

®GA12 

IS 

IU0'^ 

UJKq 

0 

.57067x10“^ 

.57067x10"^ 

®GA13 

z 

6 

n = 

126 

a /a  = 0.00388  r 

e y 

= 0.0584 

! 

j 

^AG 

■ ^GArVzSo 

^*GA3'I^V4‘*»GA5“‘“  *^6* 

o^"gA7^'<^"ga8^^ 

i 

\ 

* 

GAII^  +*GAI2''“«o  +=GA13“® 

0 nAl4^'^' 

■^®GAI5^o 

1 

V = 

“-''o  • ''o- 

3.25  ft/sec 

11 8< 

■ 

E 
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TABLE  C- 

15 

» 

RESULTS  OF  LEAST  SQ.UARED 
FOR  ROLL  MOMENT,  DESIGN 

ERROR  CURVE  FIT 
LOAD  CONDITION 

Term 

Function 

LSF 

Coefficient 

Corrected 

Coefficient 

Label 

• 0 

1 

-0.57113 

0. (sym.) 

1 

V 

-0.093479 

0.  (sym.) 

2 

UJ 

-2.3679 

-2.3679 

^G1 

# 3 

-0.29593 

-0.29593 

^G2 

4 

«p 

-7.0001 

-7.0001 

‘^G3 

5 

6 

0.0076453 

0.0076453 

^G4 

* ^ 

VUJ 

-0.53892 

-0.53892 

^G5 

i 

7 

-0.17704 

-0.17704 

^g6 

8 

Vcp 

-0.20422 

-0.20422 

‘"g7 

« 9 

9" 

0.064162 

0. (sym.) 

10 

o^3o9 

-0.028073 

-0.028073 

^GIO 

1 1 

uJ^cp 

-0.89555 

-0.89555 

‘"g9 

» 12 

cp6 

-0.0040134 

0. (sym.) 

13 

V-0O 

-0.022661 

-0.022661 

^8 

14 

0.00049747 

0. (sym.) 

' » 

n = 

134 

a /a  = 0.00035 
e y 

r = 0.0177 

"g  = 

f 

“’gI"  + ‘’g2®0 
"‘’g9‘^ 

+ ^3^P  ^4^  ‘^g6^®o  ‘^G7^'P 

9 + 

^G8^'Po 

V = V-V^  , = 3.25  ft/sec 


113' 
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TABLE  C-16 

RESULTS  OF  LEAST  SQUARED  ERROR  CURVE  FIT 
FOR  DRAG,  DESIGN  LOAD  CONDITION 


Term 

Funct i on 

LSF 

Coef f i ci ent 

Centri fugal 
Component 

Corrected 

Coefficient 

Label 

0 

1 

14,636 

0 

14.636 

‘^Go 

1 

V 

9.1695 

0 

9.1695 

'^Gl 

2 

r 

1.4477 

0 

1.4477 

*^G2 

3 

U)= 

16.534 

0 

16.534 

^G3 

0.0019425 

0 

0.0019425 

'"g4 

5 

6^ 

0.00066378 

0 

0.00066378 

^G5 

6 

VcBo 

0.18519 

9.16 

9.35 

''g8 

7 

(JU0 

0 

0.51194 

29.8 

30.31 

^GS 

8 

uxp 

-0.39150 

0 

-0.39150 

^G7 

9 

-5.4868 

0 

0. (sym.) 

n = 

136 

a /a  = 0.00094 
e y 

r = 0.0297 

^^G  = 

'go  'gi'' 

* 'g2''’  " 'g3““ 

+ c„,  B c 

G4^o 

G5*°  * 'g6“®o 

CG70.CP 

V = V-V  , V = 3.25  ft/sec 
o o 


! 


1 
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TABLE  C-17 

TURNING  EQUILIBRIUM  AND  STABILITY  FOR  LIGHT  SHIP 
LSF  Rudder  Coefficients 


i * 


V 

^R 

uu 

R 

Y 

V 

Y N 

r V 

a. 

1 

ft/sec 

deg 

deg 

rad/sec 

ft 

lb  sec/ft 

lb  sec  lb  sec 

ft  lb  sec 

-1 

sec 

1 . 50 

-20. 

1.21 

.000 

8727. 

-0. 2 ^'2 

2.576  -0.122 

-25*06 

- 0 . 0 

?■  00 

-20. 

1.36 

.010 

202. 

-0. 650 

2.292  -0.051 

-35.  51 

-0*08 

2. 50 

-20. 

1.19 

.018 

1 38. 

-0.919 

2.579  -0.279 

- 33 

-0*16 

3.00 

-20. 

1 . 00 

• 02/! 

12  6. 

-1.705 

3*071  -0*358 

- 59. 7 6 

-0*29 

3.  50 

-20. 

0.8  7 

. 027 

1 28. 

-2.819 

3. 596  - 1 . 733 

- 72*22 

-0.67 

/uOO 

-20. 

0.7  7 

. 029 

13  6. 

- 6. 230 

6.157  -2.738 

-86.77 

-0*71 

50 

-20. 

0. 70 

.030 

1 50. 

- 5. 8 60 

6.  933  -3.  599 

-97*86 

-0*99 

5.00 

-20. 

0.65 

. 029 

171. 

- 7.  592 

6*  285  -3*  935 

-112*39 

-1*31 

3.25 

0. 

0.00 

. 000 

- 99. 

-2.216 

3*290  -1*271 

- 65*88 

-Q.  37 

3. 25 

- 5. 

n . P3 

. 00  6 

50  3. 

-2.216 

3*293  -1*271 

-65.88 

-0*37 

3.25 

- 1 0. 

0 . /'i6 

• 0 13 

251  . 

-2.217 

3*301  -1*269 

- 65. 90 

-0*38 

3.25 

- 1 5. 

0 . 70 

• 019 

168. 

-2.219 

3*316  -1.267 

-65*96 

-0*38 

3.25 

-20. 

0.93 

. 0 c 

1 26. 

- 2. 222 

3.  333  - 1 . 267 

-65*99 

-0*38 

3.25 

-25. 

1.16 

. 0 3 2 

101. 

- 2. 228 

3*358  -1*269 

-66*05 

-0*30 

'll  -1 1 1 
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TABLE  C-17 

TURNING  E(iUILIBRIUM  AND  STABILITY  FOR  LIGHT  SHIP 
Estimated  Rudder  Coefficients 


V 

®R 

U) 

R 

Y 

V 

Y 

r 

N 

V 

a. 

1 

ft/sec 

deg 

deg 

rad/sec 

ft 

lb  sec/ft 

lb  sec 

lb  sec 

ft  lb  sec 

-1 

sec 

! • SO 

-20. 

- 0 . 7 1 

-.009 

1 66. 

-0-239 

2.5B7  -0.12? 

-2  5.  0 9 

-0.0/1 

ro 

• 

o 

o 

-20. 

1 . 50 

.015 

1 30. 

-0.  ^<52 

2.310  -0.051 

-35.56 

-0.08 

2. 50 

-20. 

2.  1 7 

. 030 

83. 

-0.933 

2.655  -0.278 

- /?.  59 

-0.16 

3*00 

-20. 

2. 2-^1 

• 0.^2 

72. 

- 1 . 727 

3.19/1  -0.8  53 

- 60.09 

-0.30 

3.  50 

-20. 

2.  1 7 

.0  50 

70. 

- 2.  B'^b 

3.  7/16  - 1 . 722 

- 72. 62 

-0.  /i8 

■^1.  00 

-20. 

2. 02 

. 055 

73. 

- .5.  259 

/'.  319  -2.  721 

-85.21 

-0.72 

50 

-20. 

2.0  1 

.0  56 

RO. 

- 5.  B92 

5.096  - 3. 578 

-98.30 

-1.00 

• 

o 

o 

-20. 

1.95 

.OS-"-! 

92. 

- 7.  625 

6.  /j3  7 -3.91/ 

-112.81 

-1.31 

3*25 

0. 

0. 00 

.000 

-99. 

-2.216 

3.290  -1.271 

- 65.88 

-0.37 

3-25 

- 5. 

n . 5 6 

.012 

279. 

-2.217 

3.301  -1.268 

- 65.91 

-0.38 

3*25 

- 10. 

1-11 

.023 

1 ^o. 

-2.221 

3.336  - 1 .262 

- 66. 00 

-0.38 

3*25 

- 1 5. 

1.66 

. 035 

93. 

-2.230 

3. 393  - 1 .256 

- 66.  1 5 

-0.38 

3*25 

-20. 

2-21 

. 0/!6 

70- 

-2. 2/16 

3.  /i73  - 1 .258 

- 66.36 

-0.38 

3.25 

-25. 

2.7^ 

.0  50 

56. 

-2. 27/1 

3.57/1  - 1 . 280 

-66.  63 

-0.39 

R-1890 


TABLE  C-17 

TURNING  EQUILIBRIUM  AND  STABILITY  FOR  LIGHT  SHIP 
2-D  Rudder  Coefficients 


V 

U) 

R Y 

Y N 

N 

a. 

R 

o 

V 

r 

V 

r 

1 , 

ft/sec 

deg 

deg 

rad/sec 

ft  lb  sec/ft 

lb  sec  1b 

sec 

ft  Ibsec 

- 1 

sec 

1 • SO 

-20. 

-2.  /i7 

- .032 

47.  -0.254 

2.720  -0. 

1 20 

-25.44 

-0*04 

2-00 

-20. 

5 . 02 

. 0 5 

37.  -0.  529 

0.754  - 0 . 

0 49 

- 36. 73 

-0*10 

?.  50 

-20. 

7.06 

. 1 03 

2 4.  -1.131 

3.895  -0* 

250 

-50-61 

-0*20 

3*00 

-20. 

7.3  5 

. 1 42 

21.  -2.003 

5.026  -0. 

7 68 

-64.31 

-0*35 

3.50 

-20. 

7.  PI 

. 1 70 

21  . -3.182 

5.928  - 1 . 

56  7 

- 77. 50 

-0. 56 

/j.  00 

-20. 

7.01 

.187 

p 1 . - A.  ( 

6. 670  -2. 

49  7 

-90-39 

-0*81 

50 

-PO. 

6 . R /I 

• 1 93 

23.  -6.318 

1 . 465  - 3 . 

30  4 

-103-54 

-1.10 

5.00 

- 20 . 

. 71 

. 1 88 

27.  -8.073 

8.676  -3. 

622 

-117.85 

- 1 . 42 

3. 25 

0 . 

0.00 

. 000 

-99.  -2.216 

3-290  -1. 

271 

- 65-88 

-0*37 

3.25 

- 5. 

1 . 99 

. 0 42 

78.  -2.230 

3.  43  7 - 1 . 

235 

- 66-2  7 

-0*38 

3.25 

-10. 

3 . 9 1 

. 0B2 

40-  -2.279 

3-869  - 1 . 

1 5 4 

-6  7.38 

-0-39 

3.25 

- 1 5. 

5.  70 

. 1 20 

27.  -2.379 

4.  565  - 1 . 

093 

- 69 . 0 1 

-0.41 

3.25 

- 20. 

7 . 30 

. 1 57 

21.  -2.554 

5.  506  - 1 . 

1 3 9 

- 70-9  6 

-0.45 

3. 25 

-25. 

8.7/ 

.195 

17.  -2.823 

6-678  -1. 

3 69 

-73*05 

-0. 50 

C53 


i;>a< 


89' 


TABLE  C-18 

TURNING  EQUILIBRIUM  AND  STABILITY  FOR  DESIGN  LOAD 
LSF  Rudder  Coefficients 


V 

^R 

w 

R 

Y 

V 

Y 

r 

N 

V 

N a. 

r 1 

ft/sec 

deg 

deg 

rad/sec 

ft 

Ib  sec/ft 

Ib  sec 

Ib  sec 

ft  lb  sec  sec 

1 • bO 

- on . 

1 • 3J' 

-.nob 

29  9. 

-0.1/8 

3.5/8 

0. 2 5? 

-9  9. '-.I 

8*00 

- PO  . 

1 . ■•'1 

. 009 

0 1 o . 

-'■'.bib 

^ ^ 

- . 0 0 

-37.91  -2.06 

? • bO 

-20  • 

1-13 

. 0 I'j 

1 72. 

- 1 . 09? 

9 53 

- 0 . / 9 2 

- 52.8  8 -1'.  1 1 

3*00 

-on. 

0.2/ 

.01/ 

1 83. 

- 1 . 9 50 

b.  / 22 

- 1 .090 

-67.83  -0.20 

3. 50 

-20. 

0 • 2 b 

• 01/ 

20^  . 

- 3 . 1 /I 

/ . 2 90 

-1.81  1' 

-82.77  -0.32 

/1 . 0 n 

-20- 

0-  /( 

• or, 

231  . 

- . 7 1 / 

/ . b 7 

-2. ( 58 

- 9 / . / 1 - 0 . .^8 

50 

-90. 

0 . ( « 

• 017 

2 / 0 . 

- / . 72b 

7 . / 2 b 

-3.  59^‘ 

-112.(6  - C . / 8 

5. 00 

-20  . 

Q.  f 2 

.017 

29? . 

-9.219 

8 .29  3 

- .' . / 1 2 

- 1 2 / . 6 0 -0.9^ 

3.0b 

n . 

0 . 0 0 

. n 0 n 

- 99. 

-2. bOl 

b.  9 30 

- 1 . 1 

-75.23  -0-25 

3. 2b 

- . 

n . o 0 

• 0 'V 

7 7 0- 

- 2.  50  1 

b.  932 

- 1 . /I  A \ 

- 75.23  -0.2b 

3 • 2 b 

-in. 

n . / s 

. 00'^’ 

3'!  b . 

-2. bOl 

b . 9 3 7 

-1.^41 

-7b.?.i  -0.2b 

3.2b 

- 1 

n.  (■■ 

.(M3 

2 b 7 . 

-2. bOl 

b . 9 b 

- 1 . ^ aO 

-7b.  2 7 - (M  2 b 

3.2b 

-20. 

0*91 

.017 

193. 

-2. bOl 

5.95/ 

- 1 . .^3'^ 

-75.  30  -0.25 

3.2b 

-25. 

1 . 1 /. 

. 021 

1 b .0. 

-?. bO 1 

b . V / 1 

- 1 . ^3  8 

-75.3.'-  -o.?5 

(Cont 'd) 
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TABLE  C-18 

TURNING  EQUILIBRIUM  AND  STABILITY  FOR  DESIGN  LOAD 
Estimated  Rudder  Coefficients 


V 

^R 

UJ 

R 

Yv 

Y.  N 

r V 

N 

r 

o. 

'-1 

sec 

ft/sec 

deg 

deg 

rad/sec 

ft 

lb  sec/ft 

lb  sec  lb  sec 

ft  lb  sec 

1 . 50 

-20. 

-0.  B2 

- .001 

1091. 

-0.1 68 

3.586  0.252 

-22.91 

-0-03 

?*00 

-20. 

1 • O'? 

.016 

1 62. 

-0.515 

6.288  -0*039 

-37.95 

-0.06 

2.  50 

-20. 

2.01 

.030 

86. 

- 1 . 093 

5. 028  -0. 688 

-53*09 

-0*11 

3*00 

-20. 

2.  1 .'1 

. 0 39 

7 7. 

-1.953 

5*738  -1*081 

- 68*  1 6 

-0*20 

3. 50 

-20* 

2.10 

. 0 6l/| 

80. 

-3.165 

6.  623  - I . 803 

-83*15 

-0*32 

4*00 

-20. 

2.0  1 

.0  66 

8 6) . 

- 6. 720 

7*095  -2. 639 

-98*11 

-0*68 

^1.  50 

-20. 

1 • 90 

. 0 68 

9 6. 

- 6. 729 

7. '‘60  -3*  572 

-113*06 

-0.68 

O 

o 

• 

-20. 

1 . 79 

.0  69 

103. 

-9.226 

8.  623  - 6.  5R6 

-127.98 

-0*96 

3.25 

0. 

0. 00 

.000 

- 99. 

-2.501 

5.  930  - 1 . 661 

- 75.  23 

-0*25 

3.25 

- 5. 

0.  53 

.010 

311. 

-2. 501 

5.  9 60  - 1 . 660 

-75*25 

-0.25 

3.25 

-10. 

1.07 

. 021 

1 5 6. 

-2.  502 

5. 9 68  - 1 . 638 

- 75. 33 

-0.25 

3.25 

- 1 5. 

1 • 60 

• 031 

10  6. 

- 2. 502 

6.016  - 1 . 633 

-75*67 

-0*25 

3.25 

-20. 

2.13 

• 0 62 

7o . 

-2.506 

6*083  - 1 . 62  7 

-75*66 

-0*25 

3.25 

-25. 

2.6  6 

.OS'’ 

63. 

-2.  50  6 

6.  1 68  - 1 . 61  8 

- 75. 90 

-0.25 

C55 


(Cont 'd) 
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TABLE  C-18 

TURNING  EQUILIBRIUM  AND  STABILITY  FOR  DESIGN  LOAD 
2-D  Rudder  Coefficients 


V 

1) 

R 

Y 

V 

Y 

r 

N 

V 

N 

r 

a. 

1 

ft/sec  deg 

deg 

rad/sec 

ft 

lb  sec/ft 

1 b sec 

lb  sec 

ft  lb  sec 

-1 

sec 

1 • 50 

-20- 

-2.94 

- . 005 

305. 

-0.168 

3-595 

0. 253 

-22-97 

-0*03 

o 

c> 

• 

0.1 

-20- 

4 . 9 2 

.0  50 

40. 

-0. 520 

4 . 666 

-0*019 

-39.05 

-0.06 

2-  50 

-20. 

6.9  6 

• 103 

2 4. 

-1.122 

6.  1 52 

-0*386 

- 56. 29 

-0-12 

3*00 

-20. 

7.37 

. 1 33 

23. 

-2*003 

7-282 

-0-897 

- 72- 54 

-0*21 

3.  50 

-20. 

7.27 

• 1 51 

23. 

-3*210 

8 . 1 4 4 

- 1 • 554 

-88*05 

-0*33 

4.00 

-20. 

6.  93 

.161 

25. 

- 4 . 79  4 

8-8  57 

-2*337 

-103-14 

-0. 50 

4.  50 

-20. 

6 . 6 4 

.16  7 

27. 

-6*810 

9-  492 

-3-226 

-118*01 

-0.71 

5.00 

-20. 

6.  23 

. 1 70 

29. 

-9.309 

10.090 

- 4. 202 

- 1 32-78 

-0*97 

3-25 

C- 

0 - 00 

.000 

-99. 

-2-501 

5.  930 

- 1 . 441 

-75*23 

-0-25 

3.25 

- 5. 

1.91 

• 037 

87. 

-2.  50  3 

6.  0 53 

- 1 . 430 

- 7 5.  5 7 

-0-25 

3.25 

-10. 

3.  79 

.07  4 

/I  4. 

-2.510 

6.414 

- 1 . 392 

-76*60 

-0.26 

3. 25 

- 1 5. 

5.61 

. 1 09 

30. 

-2. 530 

6-938 

- 1 . 322 

- 78-23 

-0*26 

3.25 

-20. 

7 . .0  5 

. 1 43 

23. 

-2. 563 

7.  738 

- 1 . 20  8 

-80*36 

-0-27 

3.25 

-25. 

8*99 

.17  4 

19. 

-2*614 

3.  622 

-1-043 

-82.88 

-0*28 

ii 
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TABLE  C-19 

I 


DIRECTIONAL  STABILITY  AND 

TURNING  CHARACTERISTICS 

FOR  SIMPLIFIED 

CONDI  DURATION 

• 

FOUR  FIXED  STRUTS  & 

PROPOSED  RUDDER 

FOUR  FIXED 

STRUTS 

& 2-D  RUDDER 

Stability  Index  -5.4u 

Stabi 1 i ty 

1 ndex 

G.=  -5.8u 

Turning  Characteristics 

Turn i ng 

Characteristics 

€ 

^5 

deg 

R 

ft 

^5 

deg 

R 

ft 

- 5 

409 

- 5 

154 

-10 

204 

-10 

77 

-15 

136 

-15 

51 

€ 

-20 

102 

-20 

38 

-25 

82 

-25 

31 

C 

STRUT  FLAPS 

AFT  ONLY 

STRUT  FLAPS  FORE  AND  AFT 

Stability  Index  a.=  -1.3u 

Stab i 1 i ty 

1 ndex 

a.  = -1 ,3u 

Turning  Characteristics 

Turn i ng 
Character! st 

i cs 

Turn i ng 

Character! sties 

C 

k=0.35 

k=0.35  c^= 

0.5 

k=0.5  c = 

0 

0.5 

^3.4 

R 

^1.2  S,4 

R 

®1,2  ^3,4 

R 

deg 

ft 

deg  deg 

ft 

deg  deg 

ft 

c 

- 5 

132 

2.5  - 5 

88 

2.5  - 5 

62 

-10 

66 

5.0  -10 

44 

5.0  -10 

31 

-15 

44 

7.5  -15 

29 

7.5  -15 

20 

-20 

33 

10.0  -20 

22 

10.0  -20 

15 

c 

-25 

26 

12.5  -25 

18 

12.5  -25 

12 

r. 


TABLE  C-20 

LOW  SPEED  DRAG 
DESIGN  LOAD  - WHEELS  DOWN 

(a)  Model  Drag  \=I3 

Wetted  length  = 5.5  ft 
Wetted  area  = 28.4ft^ 

V = V-Vo 

= 3.25  ft/sec 


V 

ft/sec 

V 

ft/sec 

^G 

lb 

>^e 

10^ 

•-f 

lO"^ 

1b 

lb 

1.5 

LPk 

— 

1 

3.0 

8.03 

4.602 

0.3 

2.7 

2,0 

-1.25 

5.4 

10.7 

4.355 

0.5 

4.9 

2.5 

-0.75 

8.6 

13.4 

4.170 

0.7 

7.9 

3.0 

-0.25 

12.4 

16,0 

4.035 

1 .0 

11.4 

3.5 

0.25 

17.0 

18.7 

3.921 

1.3 

15.7 

4.0 

0.75 

22.0 

21 .4 

3.824 

1 .7 

20.6 

4.5 

1 .25 

28.4 

24.1 

3.742 

2.1 

26.3 

5.0 

1.75 

35.1 

26.8 

3.673 

2.5 

32.6 

(b)  Estimated  Prototype  Dra 


Wetted  length  = 71.5  ft 
Wetted  area  = h800  ft^ 
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PITCH  AXIS 


•CENTER  OF  GRAVITY 


y,v  {^q\ 


-AFT  SIDE  FORCE  BALANCE 


FORWARD  SIDE  FORCE  BALANCE- 


-HEAVE  MAST 


POSITIVE  ROLL  MOMENT 


-CENTER  OF  GRAVITY 


ROLL  MOMENT  BALANCE  AXIS 


FiG.C-l.  MODEL  SETUP  AND  SIGN  CONVENTIONS  FOR  TURNING  TESTS 


FOIL  DEPTH  AT  ZERO  TRIM  (FT)  FOIL  DEPTH  AT  ZERO  TRIM  I 


2 

MODEL  SPEED  ( 


TOT 


